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Tornadoes are always dangerous, but inside a motor vehicle they are especially
problematic due to an automobile’s smaller size and structure. Tornado fatalities in motor
vehicles have not decreased in recent years despite downward trends in total tornado
fatalities. Receiving tornado warnings is difficult inside a motor vehicle, particularly
when alone in the vehicle. Controlled access highways are also difficult places to find
shelter as access is limited to interchanges, while buildings at interchanges may not be
able to withstand an intense tornado.
Electronic signs and audible messages on mobile communications devices are the
most suitable technologies available for reaching motorists. At each interchange, shelters
capable of withstanding a violent tornado should be constructed or retrofitted, allowing
motorists – and nearby residents – a safe place to shelter nearby. Constructing such
shelters will take considerable time and significant cost but will go a long way towards
the goal of a Weather-Ready Nation.
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CHAPTER I
INTRODUCTION
The United States has (by far) the greatest tornado risk of any country or region in
the world (Moore, 2017; NCEI, n.d.). In an average year, more than 1,000 tornadoes
touch down across the US (Coleman and Dixon, 2014). While tornadoes can and do occur
in all 50 states, most reported tornadoes occurred in the central and eastern states, with
relative nadirs in the central Appalachians and the northeastern states and relative peaks
in the Midwest, the Great Plains and the southeastern states (Dixon et. al. 2011). As a
consequence of the broad size of the region and differing climatic patterns, tornadoes
occur in every month of the year and are a potential threat every hour of every day
(Brooks et. al. 2003). The clear majority of tornadoes are weak and short-lived with little
damage. However, dozens of stronger tornadoes touch down every year, and a few of
them result in devastating to catastrophic damage and last for an hour or more (Coleman
and Dixon, 2014).
Concurrently, the United States has the most developed and most traveled
highway system in the world (Noori et. al. 2014). Combining all federal, state, county and
municipal roads; the public road network contains roads and highways extending for
approximately 4,100,000 miles (6,600,000 km) in length (Noori et. al. 2014). Those roads
carry more than one billion motor vehicle-trips every day, with each person on average
taking four trips. Included in that road network are the Interstates which contains
1

approximately 48,000 miles (77,200 km) of controlled-access highways. Even though
they only represent about 1.2% of highway miles in the US, more than one-quarter of all
trips are taken on those routes. Non-Interstate freeways and expressways which represent
the other classification of controlled-access highways make up an additional 0.2% of
highway miles (and about 6% of traffic) (Weber, 2017; FHWA, 2014). These two classes
of roadways represent the primary focus of this report.
Controlled-access highways have few access points (generally via interchanges)
and only a few rest areas or service areas. When a tornado threatens, motorists can only
take shelter at a public shelter or residence off the highway (which requires exiting the
highway first). Motor vehicles are not stable in tornado winds and are similar to many
mobile homes in that they may not withstand even weak tornadoes (Paulikas et. al. 2016).
In desperate situations, some people have attempted to take shelter beneath highway
overpasses, which is an extremely dangerous tactic. Wind speeds in the confined area of
the overpass can become compressed and accelerate creating a more dangerous situation
(Brown et. al. 2002).
The vulnerability to motorists is magnified by the fact that warnings can be
difficult to receive while driving. Commercial radio stations are highly valuable in
providing warnings as are text/mobile phone alerts and variable message signs (Sui and
Young, 2014). Mobile alerts are currently in additional development and are a recent
invention to protect people in all situations (Gonzalez, 2016). However, these alerts do
not reach all motorists, particularly people with disabilities, those who have limited
knowledge of English and those unfamiliar to the area they are traversing (Wood and
Weisman, 2003; Benavides and Arlikatti, 2010). Even a well disseminated and
2

understood warning does not guarantee that the motorist will be able to take shelter in a
timely manner. Many motorists may not be listening to local commercial radio stations,
instead listening to satellite radio, compact discs/MP3 players or nothing at all, and as a
result may not get the warning even though it may be available (Spann, 2017).
The combination of heavy traffic, limited sheltering opportunities, and difficulty
in receiving warnings results in high vulnerability for motorists during tornado situations.
Tornado fatalities in vehicles (of which a substantial percentage occur on controlledaccess highways) have not decreased in recent years, despite an overall downward trend
in total tornado fatalities (Paulikas and Schmidlin, 2017). As a result, the proportion of
fatalities occurring in motor vehicles has increased over the past 25 years (SPC, 2017;
Figure 1.1). Urban sprawl and population growth have increased the number of vehicles
on highways, magnifying the vulnerability when tornadoes cross freeways (Ashley and
Strader, 2016).
Emergency managers, meteorologists, transportation departments and engineers,
may all need to be consulted and interviewed to find a solution. The general public,
through a survey, must also be consulted to ensure that any plan is workable and adhered
to. A multi-faceted solution involving sheltering (possibly roadside or interchange-based)
and revised signage (such as electronic highway signs replacing current fixed signs or
flashing borders around signs) may need to be part of the solution. Existing technologies
involving mobile phones, in-car radio systems and NOAA weather radios were also
considered. Cost and implementation issues were also important factors to ensure a viable
project.

3

Fi g ur e 1. 1

A n n u al c o u nt of t or n a d o f at aliti es i n m ot or v e hi cl es ( pri m ar y a xis, bl a c k)
a n d p er c e nt a g e of all f at aliti es t h at y e ar r e pr es e nt e d b y f at aliti es i n v e hi cl es
(s e c o n d ar y a xis, gr a y) fr o m 1 9 9 1 t o 2 0 1 6. Li n e ar tr e n dli n es f or e a c h a xis
ar e als o i n cl u d e d ( S P C , 2 0 1 7).

T o a d dr ess t his p ot e nti al pr o bl e m, t h e e ntir e w ar ni n g pr o c ess will b e i n v esti g at e d,
a n d r el e v a nt lit er at ur e r es e ar c h e d t o i d e ntif y c h all e n g es a n d o p p ort u niti es. Utili zi n g t h os e
fi n di n gs, pr eli mi n ar y s u g g esti o ns c a n b e i d e ntifi e d a n d c arri e d f or w ar d. T h e p u bli c will
b e s ur v e y e d t o d et er mi n e t h eir c o mf ort l e v el wit h s e v er e w e at h er t hr e ats, h o w t h e y
r es p o n d t o t or n a d o al erts a n d w ar ni n gs w hil e dri vi n g, t h eir pr ef err e d s o ur c es of w e at h er
i nf or m ati o n a n d w h et h er t h e y w o ul d t a k e s h elt er or c a n c el tri ps d e p en di n g o n t h e t hr e at
l e v els a n d sit u ati o ns. Usi n g t h os e fi n di n gs, r e c o m m e n d ati o ns c a n b e m a d e o n t h e
diss e mi n ati o n pr o c ess of w ar ni n gs, i n n o v ati v e t e c h n ol o gi es t h at c o ul d b e us e d a n d
w h et h er s h elt ers ar e n e c ess ar y a dj a c e nt t o c o ntr oll e d a c c ess hi g h w a ys.

4

It is anticipated that the exposure will decrease step by step with higher severe
weather threat levels and stronger warnings issued. As a result, that will decrease the
exposure on highways on high-end severe weather days. Improving the tornado warning
system and increasing the number of shelters available will likely reduce exposure as
well, since many motorists will decide the risk is not worth taking especially when an
opportunity to find safety exists. That said, it is likely that the percentage of motorists
who decide to forego such opportunities and will decide to proceed will be quite high, as
it is human nature that people will want to reach their destination quickly or may not
believe the threats are as great as they think. Nonetheless, many motorists will likely take
action to a much greater degree with enhanced warning availability and more methods of
personal protection available.

5

CHAPTER II
LITERATURE REVIEW

2.1

Overview

Tornado fatalities continue to be a common occurrence on American highways.
Motorists are vulnerable to tornadoes due to a combination of circumstances such as
automobile construction, availability of adequate shelter and potential language barriers
or disabilities with the motorists themselves (SPC, 2017; Blair and Lunde, 2010). Motor
vehicles are not safe places in tornado winds and should always be evacuated (Paulikas
and Schmidlin, 2017). While a motor vehicle is safer than a mobile home in a tornado
situation, it is much less safe than a permanent home or building (Paulikas and Schmidlin,
2016).
Evacuation requires finding a safe alternative location, which is not always
accessible. First, motorists may not be aware of the threat due to the limited mechanisms
for receiving warnings (Spann, 2017; Wood and Weisman, 2003; Blair and Lunde, 2010).
Second, even if the motorist receives the warning, he or she needs to find suitable shelter
with very little time, which is especially difficult on controlled-access highways
(Senkbeil et. al. 2012). Third, certain people, particularly those with language barriers or
disabilities, may experience challenges in receiving warnings or reaching shelters and
such challenges must be considered (Benavides and Arlikatti, 2010; Fox et. al. 2007).
6

Considering all the factors is essential to identifying an effective, workable plan to alert
and protect motorists when tornadoes occur.
There have been several studies undertaken involving a process to improve
tornado safety and awareness in motor vehicles (Blair and Lunde, 2010; Coleman et. al.,
2011; Durage et. al. 2014; Paulikas and Schmidlin, 2017; Paulikas et. al. 2016; Ripberger
et. al. 2015). The most prominent issues identified in these studies are the dissemination
of the messages, the technology needed and available for receiving messages, the
timeliness of warnings and the locations and structures of shelters. A combination of
relevant literature, FEMA directives, construction manuals and technological guides were
reviewed to determine the current state of available shelters and what areas of
improvement can be made.
2.2
2.2.1

Specific issues

Vehicle integrity
Studies had been undertaken to determine the wind strength thresholds that

severely damage a motor vehicle or send it airborne or rolling (Paulikas et. al. 2016; Blair
and Lunde, 2010). Approximately half of tornado vehicle fatalities occur when the
vehicle is lofted into the air or rolled, and the other half results from debris or trees.
Paulikas and Schmidlin (2017) found that even weak tornadoes are dangerous to
motorists, particularly due to fallen trees and flying debris which may hit and/or penetrate
the vehicle (an example of such is in Figure 2.1). Such dangers are especially prevalent in
urban areas and in heavily forested regions (particularly in the southeastern United
States), and at night when motorists are unable to see the tornado, debris or fallen trees
easily (Dixon et. al. 2011).
7

Figure 2.1

Vehicle damage from an EF-1 tornado in Fort Benning, GA on 15 April
2011. Notice the pole impaled into the car and the shell collapsing (NWS
WFO Atlanta, 2011).

Stronger tornadoes, particularly those rated between EF-3 and EF-5 on the
Enhanced Fujita scale (Wind Science and Engineering Center, 2004), are likely to loft
vehicles and roll them with structural deformation (Figure 2.2; Paulikas et. al. 2016). A
notable incident occurred during an EF-4 tornado on 26 December 2015 in Rowlett, TX
where nine motorists were killed after the tornado hit a busy suburban highway
interchange. Additional safety devices have been implemented by manufacturers in recent
decades including but not limited to; advanced air bags, structural improvements and
mandatory side crash tests.

8

Figure 2.2

Sport utility vehicle disintegrated and wrapped into a tree after an EF-4
tornado in Zion, AR, on 5 February 2008 (NWS WFO Little Rock, 2008).

Nonetheless, vehicle fatalities did not decrease in the 1991-2015 period despite all
the improvements that have been undertaken (Paulikas and Schmidlin, 2017). Motor
vehicles are not safe places to remain in a tornado and will likely never be safe shelters,
hence any effective plan to reduce and eliminate tornado fatalities must be accomplished
by evacuation and sheltering (Paulikas et. al. 2016). There remains a myth that protection
can be found under a highway overpass but that has been disproven by studies suggesting
that the wind funneling makes them more dangerous (Brown et. al. 2002). Outside the
vehicle, a ditch or depression in the ground was considered the best possible refuge
location (Blair and Lunde, 2010), but there have been no studies completed related to the
safety of such locations. Ditches are also highly conducive to flash flooding which may
also occur with the same tornado-producing thunderstorms, a complication that has been

9

experienced on multiple occasions including on 31 May 2013 (Bunkers and Doswell,
2016).
2.2.2 Road design and highway types
The Federal Highway Administration (FHWA) classifies public roads and
highways using distinct classifications. They are subdivided between urban and rural and
into three broad classifications (arterial, collector and local). Arterial roads are classified
into four subclasses, while collector roads are classified into two subclasses. The first two
subclasses in the arterial classification are the Interstate Highways and the other freeways
and expressways (which together can also be called controlled access highways), which
are the focus of this study due to their special characteristics and limited opportunities for
sheltering and awareness. Nearly one-third of vehicle miles travelled are on those
highways, even though they represent less than 1.5% of the mileage in the national
highway network (FHWA, 2015).
Conventional roads and highways – those being collector and local roads and
minor arterial roads – generally include roadside residences and businesses, which are
very frequent in urbanized or developed areas. In addition, there are many intersecting
roads which may form a grid, providing a method to turn away from the tornado.
Principal arterial roads may have some degree of access control, but still typically
provide opportunities to turn or take shelter (FHWA, 2013). That is not true, however, on
controlled access highways (including Interstates) where direct and intermediate accesses
are prohibited. Rest areas and service areas may occur occasionally but are infrequent and
the on-site buildings may not be built to withstand tornado winds (Blair and Lunde,
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2010). In Texas, some rest areas have been retrofitted with tornado shelters (TxDOT,
2018), which may represent a model for the future.
Posted speed limits on rural controlled access highways generally vary from 65 to
80 mph (104 to 128 km/h), depending on the state and setting (Davis et. al. 2015). The
high-speed traffic creates an extremely dangerous situation should vehicles be
abandoned, as the parked cars could become missiles in tornado winds and blow into
other motorists (Blair and Lunde, 2010). The danger is also greater at night as motorists
may not be able to slow down or stop in time at highway speeds if debris or moved
vehicles are blocking or hindering the highway. Additionally, highway overpasses have
been proven to be unsafe in tornado winds, with fatalities reported under them during a
tornado outbreak in 1999 (Brown et. al. 2002). Hence, sheltering should take place off the
highway.
An earlier study from Blair and Lunde (2010) correctly identified the problem
with tornadoes striking controlled access highways (more specifically Interstate
highways). At the time, Wireless Emergency Alerts were still in the experimental phase,
and there had been virtually no research on how motorists should respond to
vulnerabilities, including severe weather threats. Blair and Lunde also found that toll
highways (turnpikes) were even more problematic due to the presence of toll plazas and
very infrequent interchanges. Mapping out incidents of tornadoes striking Interstates
found that vulnerability extends across a large geographic region, concurrent with the
regions of greatest tornado occurrence. The lower Mississippi Valley and the central and
southern Great Plains were most vulnerable, but many states and regions have
experienced intense tornadoes impacting motorists. The areas of greatest vulnerability
11

(Figure 2.3) represent ideal locations for a greater initial emphasis on tornado warning
possibilities and sheltering (Blair and Lunde, 2010).

Figure 2.3

Normalized counts of tornadoes (analyzed by Blair and Lunde) crossing
Interstate highways per 100 miles (161 km) of such roadway for each state
(Blair and Lunde 2010).

One mistake that is sometimes made is that people will “evacuate” an area
threatened by tornadic weather (Uccellini, 2014). While Duggan et. al. (2014) used that
term heavily, there needs to be a clear differentiation between “sheltering” and
“evacuation”. Evacuation is better defined as the process of leaving a specific building, or
an entire area, because of the perception (or identification) of unsafe conditions and the
risk factor being too great where they are located. Evacuation is never recommended,
particularly in an urban area. The traffic gridlock on urban Interstates on 31 May 2013 in
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the Oklahoma City metropolitan area should be a warning of the potential dangers of
being stuck in traffic when a tornado is threatening (Uccellini, 2014). The issue is
especially problematic with parents of school children who were previously surveyed
saying that they would more likely pick them up, even during a tornado warning (Duggan
et. al. 2014). Even with standard building construction, school building is much safer
than a motor vehicle during tornadic winds (Hayes, 2007).
There is a tendency for tornadoes crossing controlled access highways to be more
intense (on the Enhanced Fujita Scale) than the average tornado in the entire tornado
database. That tendency can largely be attributed to the surface area affected by those
tornadoes typically being more expansive, as more intense tornadoes are generally (but
not always) remain on the ground for longer periods of time with longer tracks (Blair and
Lunde, 2010). Intense tornadoes often completely destroy motor vehicles often with them
being flattened or wrapped around trees, buildings or other structures, which is a situation
that is generally not survivable (NWS WFO Little Rock, 2008). The situation can be very
dangerous, even in weaker tornadoes, due to flying debris which may enter the vehicle or
the surroundings (NWS WFO Atlanta, 2011).
2.2.3 Situational awareness
Communication and dissemination of severe weather warnings is the most critical
component of the warning process, and the process has been constantly changing
(Coleman et. al. 2011). Historically, a warning was primarily disseminated using radio
and television stations and continues to do so today (with more wall-to-wall coverage).
More recently, warning sirens were installed in many communities to deliver an audible
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signal when a tornado warning is issued. A nationwide network of NOAA weather radios
was also implemented after the 3 April 1974 tornado “Super Outbreak” (Coleman et. al.
2011). Those methods have been instrumental in generally reducing the number of
tornado fatalities, however, there continue to be highly destructive tornadoes that produce
many fatalities (Golden and Adams, 2014; Hayes, 2011).
Protection of motorists during tornado situations requires awareness of the threat
by those creating, disseminating and receiving a warning. Commercial radio stations (via
audio systems inside vehicles) are likely the best method for motorists to receive tornado
warnings and related threat information. Outdoor sirens are not meant to be heard inside a
contained space, and television coverage can only be reached if radio stations are
simulcasting their coverage at the same time. If the motorists were not listening to
commercial radio (i.e. if they had satellite radio or their own music on or did not have the
radio on at all), it was impossible to alert them of incoming severe weather while inside a
motor vehicle (Spann, 2017).
Storm-based warnings were first implemented in 2007, replacing county-based
warnings (Coleman et. al. 2011). That is helpful in pinpointing the location of tornadic
threats. However, even when alerted of a tornado threat, many travelers may be
unfamiliar of what county they are in, or where specifically they are in relation to the
warning. In fact, many people cannot even find their home county and city on the map,
let alone those which they may be traveling through (Spann, 2017). Many in the general
public also have trouble differentiating between tornado warnings and tornado watches
(Duggan et. al. 2014). Creating a system that could help mitigate the problem of
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geographic unfamiliarity while giving concise and easily understandable direction, would
be desirable.
Variable message signs have become somewhat more common in recent years,
particularly in urban and suburban areas (Sui and Young, 2014). These signs have been
used as well for weather messages. The effectiveness of this type of messaging is largely
untested and the cost of retrofitting highway signs to utilize some form of electronic
message is high. Nonetheless, some form of electronic destination sign, whether
completely electronic or with an alert, would provide valuable information alerting
motorists when they should exit the highway and find shelter, while retaining normal
information at other times.
Mobile phone warnings – a form of “reverse 911” through Wireless Emergency
Alerts (WEA) – provides significant promise (Gonzalez, 2016). A major effort was
implemented after the 2011 tornado outbreaks to expand WEA and make them universal.
They are geocoded to individual users depending on the location of the signal towers. The
technology exists to send out warnings to motorists and alert them of severe weather (or
any other emergency) via mobile communications devices. However, it is also extremely
dangerous (and, in most places, illegal) to drive while using a mobile communications
device (Caird et. al. 2014). Thus, such a system would require audible usage (which
overrides any ringer) to ensure that the driver can hear the warning. While the NWS does
not use audible words in the WEA system, several third-party apps, including from local
television stations and the American Red Cross, have implemented such in their alerting
techniques (Cassidy, 2014).
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Several problems were identified while researching their effectiveness in the first
few years of operation, with the most prominent issue being latency time (Gonzalez,
2016). As a short-fuse warning type, tornado warnings should be communicated in the
fastest time, with the desirable latency time being as close to zero as possible. For some
wireless providers, the time between the issuance of the tornado warning and the
dissemination of the WEA can be as long as 12 minutes, which is longer than the lead
time of many tornadoes (which have an average lead time of 13 minutes) (Gonzalez,
2016). That is highly problematic for motorists, since the process of leaving the
controlled access highway and relocating to a safe shelter requires additional time,
typically 5 to 15 minutes depending on the speed limit, characteristics of the highway and
spacing of interchanges (FEMA, 2006; Davis et. al. 2015; FHWA, 2013).
Nonetheless, such a system could be extremely valuable for situational awareness.
It would be desirable for this system to be based on the polygon and not county-specific
to avoid false alarms, as too many false alarms reduce the effectiveness of warning
systems, however this is likely not possible given the location of cell towers and their
related coverage (Coleman et. al. 2011; Sutter and Erickson, 2010). There has been
considerable progress from mobile service providers in expanding the size of their
networks in recent years, and it is anticipated that the process will continue (Dunne,
2017).
A challenge that also exists is correctly pinpointing the warning. Motorists are
generally travelling at 65 to 80 mph (105 to 130 km/h) on a free-flowing rural highway
and are constantly changing their position while they are traveling (Davis et. al. 2015).
That requires the message specifically for motorists to focus on a larger section of
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highway even if the warning itself is farther down the road, as the message must be
focused on motorists entering the threatened zone as well, at least as far back as either the
second to last interchange before the warning area, or several miles before the last
interchange (to enable motorists to depart the highway before reaching the warned area).
The exact distance required also depends on the latency to ensure that no motorists drive
into the projected path unaware of the tornado. As the message cannot differentiate
between inbound and outbound traffic, it might be necessary for the warning to be
delivered to motorists outside of the warning polygon that may be traveling toward the
dangerous area. Hence, it provides a valuable source of weather information and should
be expanded with audible warnings, but it cannot be seen as the only source of critical
warning information.
2.2.4 Sheltering options
Tornado sheltering on controlled access highways should ideally take place off
the travelled portions to maximize safety and keep the roadway available to first
responders (Brown et. al. 2002). Thus, any tornado shelter should be located either in a
rest area, a parking area, a weigh scale/inspection station or (most likely) at interchanges.
They need to be spatially frequent so that the safety of motorists driving through regions
of high tornado frequency is maximized. As traffic volumes continue to increase on many
highways, newly built or retrofitted shelters should consider the ability to accommodate
projected future traffic volumes (Ashley and Strader, 2016).
It would be highly desirable for shelters to be accessible 24 hours every day, 365
days a year, as tornadoes can and do happen during all times of day and night, and during
all months of the year (Brooks et. al. 2003). In addition, as these shelters will need to
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protect large numbers of people during busy times and they should be rated to withstand
winds experienced during a direct hit of an EF-5 tornado (Ripberger et. al. 2015;
Standohar-Alfano et. al. 2015).
The dual hazards of flash flooding and tornadoes is a common issue.
Thunderstorms which produce tornadoes often result in heavy rainfall near the path of the
tornadic portion of the storm (Bunkers and Doswell, 2016). If several such supercells
travel over the same corridor in a short amount of time, which is common in a major
tornado outbreak, flash flooding is likely to occur. During the 31 May 2013 event, there
were instances where individuals took shelter in their underground storm shelter, only to
have it flood due to the heavy rainfall (Bunkers and Doswell, 2016; Uccellini, 2014).
That occurred while tornado warnings were also ongoing, hence it may not be ideal to use
underground shelters due to the additional flooding threat which may occur concurrently
with the tornado threat, particularly in regions where the water table levels are higher.
Handling of pets is another issue that must be concerned, as was also learned on
31 May 2013 (Uccellini, 2014). Long distance travelers often bring their pets (usually
cats or dogs) with them, and they must be accommodated in the event of a tornado
situation. That creates issues with public health for some people, particularly those with
severe allergies or asthma. However, as an intense tornado is immediately life-threatening
for both people and pets, turning people away or leaving pets behind in the vehicle while
taking shelter are not likely to be desirable solutions, and unlike with a hurricane,
spending time to find a pet-friendly shelter is not possible due to the short lead time.
Determining the best solution which balances public health and safety of both people and
animals is necessary
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2.2.5 Special situations: language and ability
The awareness issue is especially problematic for those who are not familiar with
the area, those who have limited knowledge of the English language and people with
disabilities (who may either be driving, passengers of a motor vehicle or passengers of a
specialized/paratransit vehicle). To ensure safety for everyone who may be passing
through or near the warned area, any warning system should address these barriers. That
requires shelter design, warning dissemination and technologies to consider such
situations and warnings to be provided in additional languages and adaptive technologies
and shelters which are ADA-compliant.
Shelters must be accessible for people with mobility impairments, including
passengers confined to wheelchairs, so that they can take shelter immediately without
delay in removing a wheelchair (Wood and Weisman, 2013). That requires additional
space inside shelters as well as barrier-free access (FEMA, 2006). During a tornado
warning, the time from the issuance of the warning to the event can be short.
Additionally, a visual method is also necessary to alert the hearing impaired (Engelman
et. al. 2017).
The Hispanic population is, numerically, the fastest-growing demographic in the
United States today, and all indications are that the trend will continue (Colby and
Ortmann, 2015). In many cases, the primary language within the Hispanic population is
Spanish, and some have limited proficiency in the English language (Benavides and
Arlikatti, 2010). The greatest concentration of the Hispanic population is in the
southwestern states along the Mexican border (where tornadoes are not particularly
common) and in central and southern Florida, but they also represent a large population
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group in tornado-prone areas such as northern and central Texas, western Kansas, central
Oklahoma, northern Georgia, central North Carolina and northern Illinois (Kilpinen,
2014). There are an increasing number of Spanish-language commercial radio and
television stations (primarily in major metropolitan areas), but they tend to have fewer
staff than the major English-language stations, and only in the largest markets do they
typically staff certified meteorologists (Uccellini, 2014).
Until the 1990s, there was very little emphasis placed on warnings in languages
other than English. That could have contributed to an enhanced death toll during an F-4
tornado in Saragosa, TX on 22 May 1987 (where 30 people were killed), where warnings
were given in English despite the community being primarily Spanish speaking
(Benavides and Arlikatti, 2010). It was also problematic during Hurricane Katrina, as the
only Spanish-language radio station went off the air during the storm and wass unable to
communicate emergency messages. There has since been an effort to increase outreach
and message availability to the Spanish-speaking population, with a heavy focus on
regions where they represent a large population (Benavides and Arlikatti, 2010;
Uccellini, 2014).
While the primary language of the United States is English, any radio-based
warning system (either through conventional radio, an in-car weather radio or a special
system) must be programmable in additional languages other than English based on
individual preference. Additionally, the largest metropolitan areas and major tourist
destinations draw millions of international visitors from almost every country in the
world. It may not be practical to incorporate every language possible, but some of the

20

more plentiful languages should be included for audible warnings as an option in addition
to English (Mayhorn and McLaughlin, 2014).
2.2.6

Electrical outage issues
Auxiliary systems and contingencies are also necessary to ensure motorist safety.

Component failures or loss of commercial electricity can disable weather radio stations,
cellular towers, message signs and radio stations (Knupp et. al. 2014). That was
especially problematic during the 27 April 2011 tornado outbreak in the southeastern
states. During the morning hours, two squall lines with widespread tornadoes (some
strong) severely damaged the power grid from central Mississippi to eastern Tennessee.
That afternoon and evening, extremely intense supercells produced many strong to
violent tornadoes – four of which were rated EF-5 and eleven were rated EF-4 (Wind
Science and Engineering Center, 2004) – that killed over 300 people (Hayes, 2011).
The initial squall lines affected the same regions impacted by the strongest
supercells, resulting in extensive power and cellular outages which could not be repaired
before the most dangerous storms that afternoon and evening (Knupp et. al. 2014). The
warning system was challenged that day due to the multiple rounds of severe weather.
The loss of communications and pre-existing power outages are highly problematic when
implementing warning systems, and as a result, redundancy is critical to disseminate the
warnings and protecting the public, including motorists, during power or cellular outages
(Mullins et. al. 2011). As a result, alerting motorists should not be a single-source
process, and should not involve commercial power if possible.
While there may be cost issues, any signage-based warning systems should be
powered independently (such as through a solar panel and battery), rather than through
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commercial power systems. That way, a major electrical failure would not affect the
ability to warn motorists of further tornadic threats. In addition, storm shelters should not
be opened and locked through systems powered exclusively by commercial power and
should have auxiliary lighting. Such is especially true considering that shelters may be
used at night, and there will be no natural lighting when the windows and doors are
covered and protected.
An additional challenge is separating uncertain situations from situations where
tornadoes are truly ongoing and intense. Individuals are far less likely to take shelter in
tornado warnings which are less certain to be tornadic in nature (i.e. moderate rotation
aloft according to Doppler radar with no ground truth) as opposed to those which are
confirmed tornadoes and particularly those which are confirmed to be very serious
situations (i.e. a tornado emergency issued for a confirmed violent tornado) (Maximuk,
2011). Ensuring the threat level is disseminated is important to determine how
individuals respond to the tornado threat, as more people are likely to take shelter in a
high-end tornado threat. As a result, the perceived threat level as well as the source of the
tornado should be included in all messages. They have been included in tornado warnings
since 2012 in selected regions, expanding each year until 2016 when they were
implemented on a national basis (NWS WFO Atlanta, 2015).
2.2.7

Forecasts, economic impacts and minimizing false alarms
Additional warning and advice can result in reduced exposure, if it means

reducing the traffic on the roadways and in other public locations (either throughout the
day, or during the period of severe weather). However, that also creates a negative factor
in that the economic activity that day will be reduced, possibly to a significant degree
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(Gutter, 2017). Balancing those scenarios requires careful application and wording of
watches. The accuracy of tornado watches was analyzed by determining how useful they
are in changing plans, as well as how much plans changed when they were issued
(Gutter, 2017). Although not all tornadoes occur within tornado watches and many weak
tornadoes occurred outside of tornado watch boxes (i.e. within a severe thunderstorm
watch, or with no watches at all in effect at the time of the tornado), most strong
tornadoes (EF-2 or EF-3) and virtually all violent tornadoes (EF-4 or EF-5) occurred
within such watches, with very high probabilities of detection (POD) scores (Gutter,
2017).
In relatively rare instances where the tornado threat is very significant and
numerous strong or violent tornadoes are anticipated, the SPC forecaster can, at his or her
discretion, add enhanced wording called a “particularly dangerous situation” (PDS) to the
tornado watch1 (NOAA, 2017). The SPC considers these watches verifying when there
are multiple strong tornadoes within their temporal and spatial scale, or if one or more
violent tornadoes touches down. Probabilities of specific severe weather hazards are also
given on severe weather watches, broken down by both the potential for any severe
reports within each hazard (tornadoes, hail and wind) and significant severe reports
within those hazards. Most tornado fatalities occur during strong or violent tornadoes, but
even weak tornadoes can be dangerous for motorists, primarily due to the potential for
flying debris (Blair and Lunde, 2010).

PDS severe thunderstorm watches can also be issued, generally for long-lived damaging wind (derecho)
events where widespread hurricane-force wind gusts are expected over a long swath.

1
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Simply using tornado watch issuances as a proxy to cease activity without
considering survey results, however, is not necessarily a reasonable solution, as the POD
for tornado watches averages near 0.60 (meaning 60% of tornado watches included one
or more tornado reports) and the POD for significant tornadoes was less than 0.20
(Gutter, 2017). That is associated with the difficulties in forecasting tornado events in
marginal situations. In some cases, the only tornadoes touched down just outside the
boundaries of the watch, which justifies the mention used in the watches that people close
to the watch area (i.e. within one or two counties) should monitor the weather situation as
well.
Given the relatively modest accuracy of tornado watches, it is likely that not all
motorists will use that time to find a safe shelter or consider cancelling trips. However, at
the higher end, and particularly with PDS tornado watches, verification of tornado
watches increased substantially, as the POD for any tornadoes increases to over 0.90, and
the POD for significant tornadoes nearly quadruples to just under 0.75 (Gutter, 2017). As
a result, it is likely that exposure would decrease on highways during higher-end severe
threats. It is important to note that destructive tornadoes have occurred during tornado
watches which were not a PDS, and while violent tornadoes have a near perfect detection
rate, strong tornadoes (EF-2 and EF-3) occur at least a few times almost every year
outside of tornado watch boxes (and, on occasion, outside any watch boxes). As a result,
the risk does remain even in the “null” situation (Gutter, 2017).
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2.3

Review of FEMA directives

2.3.1 FEMA P-361: Design of safe rooms
The design and construction standards of community safe rooms are critical for
ensuring the safety of their occupants. Directive FEMA P-361 (FEMA, 2015) is the third
version of the directive on community safe room designs, providing space for more than
16 (up to several hundred) people, with strict maximum capacity constraints. It considers
the requirements for both hurricanes (which are much larger in scale and longer in
duration) as well as tornadoes, as well as the architectural, ventilation and fire safety
requirements. It does not look at safe rooms or shelters for very high occupancy buildings
for stadiums or large amphitheaters (requiring space for thousands of people) but is
exceptionally valuable when it comes to standard community shelters.
Community shelters are just beginning to be introduced in communities, largely in
response to recent tornado disasters. Due to their potential high capacity, they can
provide multiple uses such as a gymnasium, community center space, public library space
or conference facilities, however they must meet strict wind standards in their
construction and maintenance. One such example near Louisville, MS (Figure 2.4) is
being constructed at the time of publication. It provides an excellent blueprint for a
potential community shelter, which can be located adjacent to an interchange off a
controlled access highway to maximize its utilization (Jennings, 2017).
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Figure 2.4

Rendering of a multi-purpose gymnasium to be used as a community
tornado shelter in Louisville, MS, to open in fall 2018 (Jennings 2017;
photo from WTOK-TV and used with permission).

Smaller shelters may be single-use due to its relative lack of alternate uses. An
example of a small community shelter in Tuscaloosa County, AL, which may be
comparable to shelters which may be usable on less busy routes with reduced exposure, is
shown in Figure 2.5. Generally, a rural shelter on a four-lane controlled access highway
will meet the standards which are described in P-361, although in a more populated,
urbanized area, it may be necessary to use multiple shelters or high occupancy buildings,
and urban areas tend to have more buildings accessible as shelters.
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Figure 2.5

Community tornado shelter located in western Tuscaloosa County, AL,
serving the local rural community (photo taken by author).

The directive describes three distinct types of rooms, which range from a “best
available refuge area” to a certified storm shelter to a FEMA safe room. There are two
types of rooms defined – a stand-alone safe room and an internal safe room. A standalone safe room is a freestanding building designed to meet the strict structural and wind
resistance requirements and ensure the safety of its occupants even in an EF-5 tornado,
which may be unsurvivable when above ground otherwise if a direct hit is taken (Hayes,
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2011). An internal safe room is a room in the interior of a building which is hardened
with stronger materials to ensure safety for its occupants in the same method as a standalone room. It can either be constructed separately or retrofitted to ensure it is the
strongest room in the building (Hayes, 2007). As there are significant differences in the
land use at highway interchanges, a combination of both tactics may be necessary.
Cost and benefit analyses are also mentioned in P-361 relative to the benefits of
such safe rooms, particularly when considering regional probability of tornado events.
The areas of greatest concern are in the Great Plains, Midwest and Southeast regions
(Frates, 2010; Figure 2.6), all of which have experienced many intense tornadoes, while
other regions experience such tornadoes infrequently and the benefits of a shelter may not
outweigh the cost of installation and maintenance.
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Figure 2.6

“Tornado Alleys” defined by Frates based on frequency of tornadoes rated
F/EF-3 or stronger, with a track length of 20 mi (32 km) or longer, per
1,082 mi2 (2,802 km2) cell, from 1950 to 2006. (Frates, 2010)

A crucial factor in P-361 is assessing the vulnerability of the population.
Motorists are extremely vulnerable, as vehicles cannot be considered a safe place during
even a weak to moderate tornado (particularly due to flying debris), let alone a more
intense tornado (Paulikas et. al. 2016). The high volume of vehicles on many controlled
access highways, with the potential for bottlenecks because of slowdowns or accidents,
magnifies the vulnerability even more, as a tornado crossing an area of heavy traffic
could potentially result in many casualties. As a result, in most cases, providing shelters
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at interchanges is considered economical given the risk involved (Burbank, 2009). The
affordability improves more if they are shared with the local community.
2.3.2 FEMA 453: Time and space considerations
Directive FEMA 453 (FEMA, 2006), is officially focused on protection against
terrorist attacks and man-made incidents, such as chemical and nuclear attacks. However,
those same shelters are valuable in protection against tornadoes, and there are useful
recommendations that can be applied to this report. The recommendations are primarily
built around short-term occupancy, as it is unlikely that occupants will remain in the
shelter for more than two hours, with a typical duration being 30 minutes or less. The
exception which may result in longer durations of sheltering occurs during situations of
training tornadic supercells where multiple cells are tracking directly behind each other
over the same area. While such situations are unlikely, they can and sometimes happen
(Hayes, 2007).
The directive provides a size recommendation, depending on whether occupants
should be seating or standing in the shelter. As it is a short-term shelter, additional
amenities – beyond washroom space with self-contained, chemical-type toilets – are not
necessary, but if it is a multi-purpose facility, they may be warranted. In terms of spacing,
each person requires 5 to 6 ft2 (0.46 to 0.56 m2). They must – without exception – be
fully accessible to residents and motorists with mobility challenges, including
wheelchairs, to ensure that no one is left behind. A wheelchair requires approximately 10
ft2 (0.92 m2) and space for at least several wheelchairs is necessary, with the exact
number varying depending on expected traffic. Traffic volumes are the primary
consideration in determining the space required, along with the expected use from the
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local community (especially in areas with larger numbers of mobile homes or weaker
structures) (Sutter and Simmons, 2010). As a result, the vast majority of shelters used are
expected to be of the community variety, with some being quite large in size –
particularly on very busy highways or in developed areas.
The directive also recommends shelter should also be reached by all occupants
within five minutes and secured (with all doors closed and latched) within ten minutes of
the ideal warning time. That time includes the process of exiting the controlled access
highway, reaching the shelter, parking the vehicle, walking through the parking lot and
entering the building, with the time to secure the building including the time inside the
shelter and preparing to close the doors. That must be considered when determining the
locations of the shelters relative to the highway interchange and must also account for
traffic volumes and capacity on the surface roadway. Access should be as simple as
possible as well, with the location well signed.
The required time for issuing tornado warnings and dissemination of the message
must also account for travel time between the motorist’s location and the interchange, and
interchanges are generally spaced between three and eight miles (five and 13 km) apart in
rural areas (FHWA, 2013). At standard speeds (Davis et. al., 2015), that takes an
additional two to seven minutes of travel time, with additional time on congested
roadways. For those reasons, tornado warnings should be issued well before a potential
tornado reaches a controlled access highway. It is desirable to have a tornado polygon
covering the highway corridor 20 to 30 minutes before the rotation reaches the highway,
with greater lead time in more severe situations (i.e. on a major tornado outbreak day or
with a confirmed intense tornado), as the awareness on those days is higher and people
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are more likely to remain in shelter (Gutter, 2017). Longer lead times, however, must be
balanced against the potential for false alarms, which can be problematic and reduce the
initiative motorists may have to shelter (Simmons and Sutter, 2008). Hence, accuracy is
particularly important in the issuance of longer lead-time tornado warnings.
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CHAPTER III
METHODOLOGY
3.1

Overview and geography

The tornado problem on highways (primarily controlled access highways) is a
national issue and not every region will have the same requirements. Tornadoes can and
do happen in virtually all regions of the United States, but there are regions where the
danger is much greater than others (Dixon et. al. 2011). As a result, the findings of this
study can and should be applied for all states, and either implemented on a national basis
or for all areas in which tornadoes are a significant threat. Surveying the public is
important to ensure such a project is workable and is well understood by the public.
While literature reviews can analyze best practices and opportunities, knowing how
individuals would behave through societal actions is required to ensure the investment is
returned and safety is increased. It is a framework that is not region-specific; a costbenefit analysis could be subsequently undertaken by each individual state or jurisdiction.
Using the literature review, areas of improvement can be targeted within specific
parts of the emergency management framework. Emergency management is a complex
continuum which requires evaluating. There are multiple steps involved, including
prevention, mitigation, preparedness, response and recovery (Figure 3.1). The survey,
results and literature focus on the first four phases of the emergency management
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continuum, with the principal focus on protecting human life. The recovery stage is postevent and not investigated in further detail here.

Figure 3.1

Continuum of the emergency management process, identifying how
prevention and mitigation, preparedness, response and recovery all are
associated with each other (AgCan, 2016).

While past scientific studies are very valuable, demands and technology are
constantly changing. For example, mobile phone technology has only been available in
the past 10 to 15 years as of the time of publication (Coleman et. al. 2011), and Doppler
radars were first implemented in 1988 and upgraded over time (Marzban and Stumpf,
1995). Changes will continue to take place in the future, and those changes may require
different solutions in the years and decades to come. As a result, the findings in this
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report may be superseded by or supplemented with other reports, studies or analyses. The
previous studies, service assessments and directives are extremely helpful in determining
the best path forward.
3.2

Survey and public response analysis

The literature provided only some possibilities and explained the problem in
greater detail. Determining whether any recommendations are viable require public
analysis to analyze their current behavior while inside a motor vehicle, as well as
determine the suitability of workable solutions. An Internet-based survey was proposed in
the fall of 2017 for distribution, requiring approval from the Office of Research
Compliance at Mississippi State University to ensure it met institutional and federal
regulations. The survey approved by the HRPP at MSU in early December 2017 and
finalized.
The survey was undertaken between 10 December 2017 and 6 February 2018. All
responses were collected online through Qualtrics and promoted primarily via social
media including Facebook and Twitter. There were no geographic restrictions in the
survey as long as respondents were 18 years of age or older. The geographical
distribution of the responses is shown in Table 3.1, with the regions defined in Figure 3.2,
to determine where the survey’s responses were received from. No responses were
collected from outside the United States. No other personal information was collected so
that the privacy of respondents was protected.
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Figure 3.2

Geographic definitions used in the survey for determining the locations of
the respondents.

Table 3.1

Definitions of regions used in Figure 8 and in the survey, along with the
proportion of respondents which came from each region. Totals may not
add up to 100% due to rounding.

Geographic region
Midwest
Northeast
Plains
South Central
Southeast
West

Color on Figure 8
Blue
Red
Yellow
Orange
Green
Purple
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Respondents
24.7%
9.7%
9.7%
43.0%
9.7%
3.2%

The survey was advertised via personal and professional social media accounts to
work on spreading the message, including social media posts from broadcast
meteorologists in Louisiana, Michigan, Mississippi and Texas. In total, 138 responses
were collected, although many of the respondents did not answer every question so the
number of responses for each specific question is lower (the specific numbers for each
question are listed in Table 3.2). It is important to note that there may be a built-in bias
towards students and meteorologists with greater knowledge due to the limitations on
disseminating the survey (it was primarily distributed via meteorology-based social
media accounts).
A total of 14 questions were asked (Table 3.2), relating to distinct stages of the
warning and notification process and how the respondents behave when they feel severe
weather may be threatening. The first questions investigated their own warning signs and
their comfort level on the highway during severe weather threats. The next questions
asked about their individual experiences and how they personally respond depending on
the circumstances. That was followed by questions asking the understanding of products
issued by the Storm Prediction Center to see whether the vulnerability changes as the risk
levels and watch types change and determine potential exposure levels. Those questions
asked whether the respondents would cancel trips, proceed with trips or make any
changes depending on circumstances.
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Table 3.2

Specific questions asked in the survey and the number of respondents
received for each question.

Q # Wording
1
When you are driving, how concerned do you feel about severe
weather?
2
What specific concerns do you have with the weather you may
experience when you are driving? (Answers in Appendix 1)
3
What warning signs do you look for while traveling? (Answers in
Appendix 2)
4
Have you ever seen a tornado while on the highway? (this does not
include while storm chasing)
5
How well do you understand and know about the Convective
Outlooks issued by the Storm Prediction Center?
6
How often do you read the Convective Outlooks issued by the
Storm Prediction Center? (do not answer if not understanding in
#5)
7
Here is an example of a Convective Outlook from 2 April 2017.
Suppose you were traveling on this day. How likely is it that you
would make your intended trip (or would you cancel or postpone it)
during the following severe weather levels issued by the Storm
Prediction Center?
8
Weather watches are issued by the Storm Prediction Center closer
to the event. How likely is it that you would make your intended
trip (or would you cancel/postpone them) during the following
severe weather watches?
9
When you are traveling via motor vehicle, what is your primary
source for on-route weather?
10
Which of the following do you listen to most often while on the
road?
11
How concerned do the following situations make you feel traveling
during severe weather?
12
Suppose you are traveling on an Interstate highway and a tornado
warning is issued for your location or your upcoming route. You
were previously unaware of the threat. There are no establishments,
other than occasional rest areas, along the route due to the nature of
controlled-access highways. What would be your call of action,
notwithstanding the risks that each situation may have?
13
If shelters were located at interchanges and signed along
highways/exits in some shape or form, how likely is it that you
would use them if you found out that a tornado was threatening
through mobile phone alerts or radio messages?
14
If there was signage on highways that flashed/changed to alert of a
tornado threat, how likely is it that you would exit the highway and
take shelter in that circumstance?
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Responses
125
95
97
99
97
74
95

95

93
93
92
93

93

93

The principal sources of weather information were also investigated to determine
whether potential solutions can be seen as universal or if they only reach a certain subset
of the population at risk. Existing technology, particularly weather radio and mobile
phone alerts, were analyzed and asked in the survey to identify what value they have for
motorists, as well as gaps that may exist in disseminating tornado warnings. The potential
effectiveness of workable solutions was also analyzed as well as the likelihood of
following through on possible recommendations or adhering to warnings if additional
technology was available, and if they would take shelter if they knew the option was
available.
The results were valuable in determining whether or not any or all the preliminary
findings can move forward. The crucial elements were to ensure that all motorists would
receive the tornado warning, while ensuring that any potential solution is cost-effective.
Solutions are only useful if the public can understand them and act on them, as they are
the lives that need to be protected. To ensure that the entire emergency management
continuum is followed, the entire process from initial warning to taking shelter is
important and should be treated as a continuous process throughout the analysis. Ensuring
that motorists understand warnings and processes are important as they will need to be
able to respond to any warnings, hence the survey results determining the potential
compliance and understanding are especially important. A higher response rate will
ensure that more motorists are protected if a tornado occurs, as they will be more likely to
take shelter or change their plan.
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3.3

Determining exposure on highways

Mississippi has (as of September 2017) eight Interstate highways2 (Interstates 10,
20, 22, 55, 59, 69, 110 and 220) which have a combined length of 807.4 mi (1,299.4 km)3
(MDOT, 2016). The first five of those routes travel between urban areas, while the last
three are very short in comparison. As with virtually all Interstate highways in the United
States, all are controlled access highways with access limited to interchanges (MDOT,
2012). Tornado sheltering and awareness, as a result, is challenging at best on those
highways. Most sections are four lanes in width (two in each direction), although wider
highways exist in more urbanized areas (particularly in parts of the Jackson metropolitan
area). The network continues to expand with new routes and new extensions which are
under construction and/or planned, however, only routes that are currently existing are used
(MDOT, 2016).
Traffic count data was used to analyze the risk for specific areas. The primary data
that will be used is the average annual daily traffic (AADT) for each specific mile of
Interstate. The MDOT website has an excellent graphical analysis which is very helpful
(MDOT, 2017). The AADT was then converted to a peak hourly volume by multiplying
the AADT by 0.12, which was determined by analyzing the typical K-value (proportion of
daily traffic during the peak hour) for Mississippi Interstates (+/- 0.02) (MDOT, 2016).
Most rural sections of Interstate highways in Mississippi were travelled by 10,000 to

A ninth Interstate highway, 269, opened on 23 October 2017 (Watson, 2017); at the time of publication,
there was no traffic data available for that route.
3
Concurrent routings of Interstates are only counted once. Interstates 20 and 59 are concurrent in Lauderdale
County to the Alabama line, but the mileage is attributed to I-59 in MDOT logs and this report. Likewise,
Interstates 55 and 69 are concurrent in DeSoto County to the Tennessee line, but the mileage is attributed to
I-55. Additionally, a section of US 78 in DeSoto County is not part of I-22 and not included in the exposure
analysis (which begins at milepost 12 on I-22).
2
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25,000 vehicles each day, but some urban sections – particularly in metro Jackson – were
travelled by close to, or even over, 100,000 vehicles on a typical day (MDOT, 2017). Urban
sections have different challenges and opportunities; hence this report is most heavily
focused on rural sections of Interstate and controlled access highways.
For this analysis, only the five intercity Interstate highways were analyzed.
Mississippi has very few extended controlled access highways which are not in the
Interstate system, representing only 63.8 miles (102.7 km) in combined length (MDOT,
2016). Of those routes, the longest is US Route 82 from Starkville to the Alabama state
line (MDOT, 2012a). Many other four-lane highways exist but they generally have grade
level intersections with intersecting roads and occasionally have roadside houses and
businesses (a few interchanges may exist, but they are intermittent) (MDOT, 2012). As a
result, it is much easier to depart the highway and find shelter (or change directions) on
those routes, even if there are no establishments where shelter can be taken.
Interchanges are generally more plentiful in urban areas, resulting in more
opportunities to exit the highway and more places to take shelter if the warning is
obtained. As a result, rural areas require sheltering and warning systems to cover longer
sections of highway. For this analysis, each mile was considered separately, as
interchange spacing in urban areas are typically as low as one mile (1.6 km) and to ensure
consistent spacing of data. Rural interchanges are typically spaced between 3 and 6 miles
(4.8 and 9.6 km) apart (MDOT, 2012). However, since there are no opportunities to exit
the highway in those sections and the only stopping opportunities are at limited rest areas,
the traffic counts were maintained between exits (regardless of mileage) and the per-mile
coverage can be considered the required sheltering capacity for each section of Interstate.
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Although exposure for individual scenarios can be very low, any sheltering plan
must consider the worst-case scenario. It must also be modified to account for the fact
that some people likely would not take the trip if they knew severe weather was expected,
and that. As a result, the maximum sheltering requirement (SH) at each location on
existing Mississippi Interstates (using 2015 traffic figures), was calculated as follows and
described below:
SH = (AADT * 0.09) * pV * ((1 – PCT) * PMS)

(1)

The variables in Eq. 1 considered the peak hour traffic adjusted for a period of 45
minutes (as described below), multiplied by the mean passengers per vehicle (pV) and
also multiplied by the proportion of motorists which would proceed with their intended
trip despite the tornado watch (1 – PCT) and would also take shelter if a warning was
issued (PMS). The length of the sections was irrelevant since they do not adjust traffic
counts. The longest spacing between interchanges on any Mississippi Interstates is 11
miles (17.7 km), on two sections of I-55 near Winona and on a section of I-10 near the
Louisiana state line (MDOT, 2012a).
Significant tornadoes have occurred with, on average, 18 minutes of lead time
(Heinselman et. al. 2013), and tornado warnings typically last about 30 to 60 minutes for
the extent of the polygon (Hayes, 2007). This report split the difference and used a 45minute period where sheltering will be required, hence the K-value was adjusted to 0.09
to reflect the time period. The mean passengers per vehicle on American highways is
estimated at 1.2 on a national basis (Yang et. al. 2015), and that figure was used here.
Determining the proportion of trips which would likely continue during a tornado threat
and the proportion which would be postponed or canceled was a challenging analysis due
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to the limited studies available. The survey results will be used by considering both the
likelihood of respondents cancelling their trips if a tornado watch was issued, and among
those who would proceed with their trips, the likelihood they would take shelter if the
opportunity arose.
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CHAPTER IV
RESULTS
4.1

Overview

The emergency management process involves multiple actions in a
comprehensive planning process, as becoming a Weather-Ready Nation requires a
proactive (and not reactive) plan. As a result, the different processes (i.e. prevention and
mitigation, preparedness, response and recovery) cannot be taken in isolation. The survey
was helpful in determining which technologies and options were most useful, as well the
most effective series of steps in the warning and action process when tornadoes threaten
controlled access highways. Each stage of the warning and sheltering process was asked
separately (sections 5.2 to 5.5), which is helpful in determining how people respond.
Discussions with emergency managers and other stakeholders also took place, and their
responses assisted in determining the recommended outcome.
4.2

Survey results on public perceptions of severe weather

The first questions asked how the public perceives severe weather, any warning
signs they may identify, and how concerned they feel while travelling by motor vehicle.
The survey found that there was a noticeable concern felt among motorists traveling that
severe weather could threaten them. The mean concern level is 2.49 (with 4 being
extremely concerned and 0 being not at all concerned), with a median concern level of 3,
representing a high level of concern about severe weather when respondents are
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travelling (Figure 4.1). That confirms that most motorists are at least slightly concerned
about the weather when the travel, while a slight majority are very concerned or
extremely concerned about potential threats involving severe weather while on the
highways.

Figure 4.1

Proportion of individual respondents with each level of concern (LC) based
on responses from question #1 in the survey.

Two open-ended questions were also asked on warning signs that respondents
look for, as well as their specific concerns on severe weather while traveling by motor
vehicle. A wide variety of responses were received, of which some of the most common
responses are documented here. The complete list of responses is listed in Appendix A
for severe weather concerns, and Appendix B for specific warning signs. Based on the
survey results, 28.3% of respondents reported that they have seen a tornado while
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travelling at least once in their lifetime4, which suggests that while it is not a common
occurrence, the potential for a tornado disaster remains very significant.
The most common responses for their most significant concerns (Appendix A)
were that they had no way to receive warnings if severe weather strikes and had no place
to take shelter if they receive a tornado warning or see a tornado, as mentioned by
approximately one in four respondents. They also mentioned that they had little idea
where a tornado could be, which was important in terms of planning a call of action.
Visibility concerns are also mentioned, as well as hail threats. While those are not
directly related to tornadoes in that they are separate severe weather events, many
tornadic thunderstorms produce straight-line wind damage, flash flooding and/or large
hail as well. Some of the respondents commented that their most significant fear was for
winter weather, which is not in the scope of this report.
When it comes to specific warning signs that motorists may use as an initial
determination, the sky colors, hail and changes in the wind speed and wind directions
were the most common responses. Looking at the skies may be very helpful in providing
an initial response but does not provide direct clues on the severity of the storm, nor does
it specifically determine the distance the storm (or the tornadic portion) is relative to their
location. Many also mentioned that they will look at radar, either before they go or while
they are traveling. While such can accurately determine the intensity and location
(especially when they extrapolate the storm motion), the latter situation is highly
problematic if they are the only occupant in the motor vehicle, as texting or operating a

This does not include those who have only had encounters with tornadoes while storm chasing, which is
typically a deliberate encounter for scientific or warning purposes.

4
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mobile device while driving is extremely dangerous (and illegal in most jurisdictions)
(Caird et. al. 2014).
4.3

Survey results on severe weather forecast products

4.3.1 Description and understanding of products
The Storm Prediction Center (SPC), in Norman, Oklahoma, has provided several
valuable severe weather forecast products that are now heavily used by emergency
managers, media and the public (Corfidi, 1999). SPC has existed in current form since
1997, while predecessor offices in Kansas City, MO and Washington, D.C. have existed
since 1948. There are three principal products issued by the SPC which are analyzed here
in further detail. Those products include the convective weather outlooks for the 48
contiguous states (i.e. excluding Alaska and Hawaii) which reach out eight days into the
future, as well as shorter-term forecasts including mesoscale discussions and severe
weather watches.
The survey asked whether they knew and/or understood what the products were,
and (for those who knew and/or understood them) how often they read them. The survey
found that 63.9% of respondents knew and understood the SPC products, while 21.7%
had no knowledge of the products (Figure 4.2). Of those who either knew or understood
SPC products, just under half of respondents said that they read the products every day
during the severe weather season, while 27% read them every day (or more frequently)
throughout the year, even during quieter times of year for severe weather, mindful that
severe weather can and does strike during all times of the year (Figure 4.3).
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Figure 4.2

Number of survey respondents who knew and/or understood severe
weather products issued by SPC.
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Figure 4.3

Number of survey respondents who read SPC products at different
intervals, either year-round or during the peak severe weather season. The
question was not asked to those who did not know about SPC products.

Convective outlooks are issued by the SPC five times each day for the present day
(i.e. day 1), twice each day for the subsequent day (i.e. day 2), and once daily for the
following days up to a week from the present day (i.e. days 3 to 8) (SPC, 2017a). For the
first three days, the forecasts are broken down not just by probabilistic threats, but also by
categorical risk levels, ranging from general thunderstorms up to a high risk of severe
thunderstorms (Figure 4.4). Probabilistic forecasts can also be subdivided for “significant
severe” thunderstorms (and the threat level may increase as a result), which include one
or more of the following: significant tornadoes (rated EF-2 to EF-5), wind gusts of 65
knots (75 mph, 120 km/h) or stronger and/or hail measuring 2 inches (5 cm) or larger in
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diameter. Since October 2014, there have been six levels of categorical risks used. Day 1
(present day) forecasts also separate the threats out for tornadoes, wind and hail, as there
is substantial confidence at that point in the convective form in which severe weather
may undertake (Table 4.1).

Figure 4.4

Categorical risk categories used by SPC in the Convective Outlooks (a
more specific description is in Table 4.1) and broken out in the survey to
determine awareness of risk (SPC, 2017a).
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Table 4.1

Prob.

Specific description of SPC risk levels used in the Convective Outlooks
according to the probabilistic threats of each hazard (tornadoes, wind and
hail) and the day in which the outlook was issued for.
Tornado
threat
(Day 1)

2%

Marginal
risk
5%
Slight
risk
10%
Enhanced
risk
10% + Enhanced
Sig.
risk
15%
Enhanced
risk
15% + Moderate
Sig.
risk
30%
Moderate
risk
30% + High risk
Sig.
45%
High risk
45% + High risk
Sig.
60%
High risk
60% + High risk
Sig.

Wind
threat
(Day 1)

Hail
threat
(Day 1)

All severe
threats
(Day 2)

All severe
threats
(Day 3)

All severe
threats
(Days 48)
Not issued

Not issued

Not issued

Not issued

Not issued

Marginal
risk
Not issued

Marginal
risk
Not issued

Marginal
risk
Not issued

Marginal
risk
Not issued

Not issued

Not issued

Not issued

Not issued

Not issued

Not issued

Slight
risk
Slight
risk
Enhanced
risk
Enhanced
risk
Enhanced
risk
Moderate
risk
Moderate
risk
High risk

Slight
risk
Slight
risk
Enhanced
risk
Enhanced
risk
Enhanced
risk
Moderate
risk
Moderate
risk
Moderate
risk

Slight
risk
Slight
risk
Enhanced
risk
Enhanced
risk
Enhanced
risk
Moderate
risk
Moderate
risk
High risk

Slight
risk
Slight
risk
Enhanced
risk
Enhanced
risk
Enhanced
risk
Moderate
risk
Not issued

Slight
risk5
Not issued

Not issued

Not issued

Not issued

Enhanced
risk5
Not issued
Not issued
Not issued
Not issued

In the hours before the severe weather event, a mesoscale discussion will likely be
issued for a specified area. Those products can take on several forms: they can be a
“heads up” on the issuance of new or subsequent severe weather watches if one is
imminent or anticipated, they can describe the current weather situation in marginal
5

Equivalent colors. Strictly only worded “Severe” identifying a severe threat at that level.
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severe weather threats when a watch is not anticipated, they can provide short-term
details on the ongoing situation while severe weather is underway, or they can describe
short-term winter weather threats (not relevant to this report). Severe thunderstorm and
tornado watches are also issued by the SPC, in the form of a “watch box” parallelogram,
with the consultation of – and modified by – local WFOs to incorporate counties which
should be included or excluded (at their discretion). At that point, conditions are
favorable for the development of severe weather (possibly including tornadoes) based on
the determination of the SPC and WFOs (SPC, 2017a). Warnings are issued by WFOs
and are a short-fuse product identifying that tornadoes (or severe thunderstorms) are
imminent or occurring, and that is a time for immediate action (Golden and Adams,
2000).
4.3.2 Undertaking of trips on severe weather days
Several questions were asked in the survey on their understanding of SPC
products, as well as whether they would continue to travel or consider postponing or
canceling the trip during specific risk levels or watch types. Determining the proportion
of trips which would likely be removed from the highways on severe weather days
(particularly on high-end threats) is helpful in determining the remaining level of
vulnerability on the highways, as well as the sheltering space which is necessary in case a
tornado threatens. These questions are entirely based on classifications and watch types
used by the SPC. The statistical significance in the data was also computed using a nonparametric Wilcoxon test to determine whether there is truly a difference between levels.
For each risk type in the Convective Outlooks (from general thunderstorms only
to a high risk of severe weather; levels 0 to 5), the respondents were asked whether they
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would proceed with their planned trip, cancel or postpone the trip, or consider the
circumstances of either the weather conditions or the trip purpose. An example from 2
April 2017 (Figure 4.5) was also provided for reference in the survey. There were five
levels of confidence applied to cancellation or postponement, ranging from those who
would take the trip without any hesitation (scored as a 0 in the ranking analysis) to those
who would cancel or postpone immediately (scored as a 4). The cancellation index (CI) is
the average response score for each category, which is scored as the sum of all the
ranking scores individually divided by the number of respondents for each answer. A
small number of people said that they were unsure as well; those responses are not
counted in the analysis.

Figure 4.5

Convective Outlook issued by SPC at 11:27 a.m. CDT (1627 UTC) on 2
April 2017, used for reference in the survey (SPC, 2017b).
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Table 4.2

Number of respondents who said they would proceed with, reconsider or
change their travel plans based on each threat level issued in the SPC
Convective Outlooks (Figure 4.4 and Table 4.1 for definitions, Figure 4.5
for example), and the calculated CI score.

Risk issued by
SPC

General
thunderstorms
Marginal risk
Slight risk
Enhanced risk
Moderate risk
High risk

When the risk level was issued, the number of
CI
respondents who said they were…
score
Certain to Likely to Uncertain
Likely to Certain to
proceed
proceed
(may or
cancel or cancel or
(0)
(1)
may not
postpone
postpone
proceed)
(3)
(4)
(2)
64
8
18
5
0
0.62
57
53
20
15
8

17
19
21
11
9

13
17
38
38
26

6
4
10
18
18

1
0
5
11
31

0.69
0.70
1.56
1.99
2.60

In general, days with a low threat of severe weather (either only general
thunderstorms or marginal risk; levels 0 or 1) substantially change travel plans compared
to a day with no thunderstorm threats (Table 4.2). Although most respondents said that
they would proceed with the trip as intended during the lowest risk levels, some would
consider the circumstances of the trip, while a few respondents said that they would
likely cancel the trip outright or postpone it. Between the risk levels, however, the lowest
levels do not have much difference in travel impacts and plans between them. The pscore between the lowest CI scores is 0.368, which confirms that the difference in
behavior is not statistically significant between general thunderstorms and a marginal
risk.
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Increasing the threat level to a slight risk (level 2) does not change the
circumstances either; more than half of respondents said that they would continue with
the trip as intended, with most of the balance saying that it would depend on the
circumstances and they would lean towards making the trip. In fact, the CI is only very
marginally higher at the slight risk level as opposed to the marginal risk level (p = 1.000),
suggesting that risk levels up to and including slight have little or no impact on changing
trip plans. As a result, the difference in behavior is not statistically significant between CI
scores at the general thunderstorm threat and the slight risk levels (p = 0.496).
At higher risk levels, many respondents said that they would at least reconsider
their trip plans and the CI increased markedly between each level. At the enhanced risk
level (level 3), there was a wide variety of responses, with a slight lean towards making
the trip (although the plurality said that they were uncertain, and it would depend on the
purpose or situation). Still, the CI more than doubled from the slight risk level, and the
difference in behavior is statistically significant (p = 0.0002) between the slight and
enhanced risk levels. Hence, it is reasonable to believe that the enhanced risk level is
where plans really start to change, and traffic volumes may start to decrease substantially
as the public interprets a higher risk (Figure 4.4). A small number of respondents said
that, regardless of purpose, they would be canceling or postponing the trip at this level.
At the moderate risk (level 4) and especially the high risk (level 5) threat levels,
the respondents leaned towards canceling or postponing the trips. The impacts on trip
plans are significantly different at these levels as well; the differences in behavior
between the enhanced and moderate risk levels (p = 0.001) and the moderate and high
risk levels (p = <0.0001) are both statistically significant. As a result, it is likely that
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traffic on controlled access highways would decrease more substantially as the risk level
increases, beginning at the enhanced risk level and particularly at the highest levels.
It is important to note, however, that several respondents said that they would
certainly proceed with trips as planned even on high risk days and it is virtually
impossible to eliminate exposure altogether. The reductions in the number of trips would
be magnified if school systems and businesses remain closed on those days. Some trips
for essential travel will most likely continue to proceed as intended even during the
highest threat levels for severe weather. Business and institutional closures create
additional challenges in that economic losses would result, which sometimes results in
unnecessary losses if the forecast does not verify (Gutter, 2017).
There are two primary severe weather watch types issued by the SPC: a severe
thunderstorm watch6, and a tornado watch. Those watches are issued when the weather
conditions are deemed favorable for the development of large hail 1-inch (2.5 cm) in
diameter or greater, damaging wind gusts of 50 knots (58 mph; 93 km/h) or stronger, and
(in the latter case) tornadoes (SPC, 2017a). In the tornado watch category, the survey also
considered whether plans would change if a PDS tornado watch was issued7 (NOAA,
2017; Gutter, 2017; Ram et. al. 2008). Respondents were asked the same questions on
how likely they were to take the trip, and a CI was calculated for each of the three
primary watch types analyzed.

The tornado threat may not necessarily be zero during a severe thunderstorm watch; they can and do happen
after such is issued, but the potential tornado threat is usually low.
7
The survey did not look at PDS severe thunderstorm watches, as the enhanced wording is not added for
tornadic threats, but rather it is generally issued for long-lived, damaging wind (derecho) events.
6
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Table 4.3

Number of respondents who said they would proceed with, reconsider or
change their travel plans based on the issuance of different severe weather
watches, and the calculated CI score.

Watch issued
by SPC

When the watch was in effect, the number of
CI
respondents who said they were…
score
Certain to Likely to
Uncertain Likely to Certain to
proceed
proceed
(may or
cancel or cancel or
(0)
(1)
may not
postpone postpone
proceed)
(3)
(4)
(2)
41
16
32
4
2
1.05

Severe
thunderstorm
watch
Tornado
23
watch
Particularly
7
dangerous
situation
(PDS) tornado
watch

23

34

9

6

1.49

13

27

24

22

2.44

While lower-end Convective Outlooks (up to and including the slight risk level)
do not greatly affect travel plans and the differences are not statistically significant
between them, the issuance of weather watches changes plans to a somewhat larger
degree (Table 4.3). The issuance of a severe thunderstorm watch made many respondents
give some consideration to their travel plans, although most said that they would at least
lean towards making the trip. In that situation, 43% of respondents saying that they were
certain to make the trip. Nonetheless, a severe thunderstorm watch is a stronger wording
in the mind of those who answered the survey than a marginal risk or even a slight risk,
with a higher CI score. Issuing a weather watch clearly provides a stronger wording than
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the lower levels of outlooks. The difference in behavior between the issuance of a severe
thunderstorm watch and a slight risk is statistically significant (p = 0.001).
During a tornado watch, slightly more respondents said that they would
reconsider the purpose of the trip or assess the weather conditions, not unlike when a
higher threat level is issued in the Convective Outlooks. The resulting CI score is very
similar to the score during an enhanced risk of severe weather, and the difference in
behavior is not statistically significant (p = 0.497). Only a few respondents said that they
would postpone or cancel the trip under any circumstances during a tornado watch,
although only one in four respondents said that they would make the trip no matter what.
Nonetheless, traffic would likely decrease significantly during a tornado watch compared
to the lower threat levels in the Convective Outlooks, as the difference compared to both
a slight risk and a severe thunderstorm watch are statistically significant.
Adding the PDS wording to the watch changes the respondents’ behavior to an
even greater degree, as the difference between a PDS tornado watch and a “normal”
tornado watch are statistically significant (p < 0.0001). Overall, respondents are still
divided in terms of whether they would make the trip or not, however the lean tilts much
more strongly in the direction of canceling, depending on the trip plan or purpose. The CI
is only slightly less than with a high risk issuance in the Convective Outlook and the
difference between them is insignificant (p = 0.128), suggesting that strong wording does
reduce traffic and potential exposure more significantly, and that exposure would
decrease substantially with a PDS tornado watch or a high risk issuance. Slightly less
than one-fourth of respondents said they would cancel the trip no matter what the purpose
under that circumstance, while most others would at least consider the circumstances.
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4.4

Survey results on obtaining weather information

It can be difficult to receive weather information while travelling. Television is
not available, signs on the route are scarce and NOAA weather radios may not be
accessible either, which makes obtaining warnings a challenge. Commercial or public
radio may be available, although it depends on the individual station and the locations of
the signal and studio relative to the motor vehicle. Technology is constantly changing and
that allows mobile phones to be used to gather information while on the go (either
through phone calls received or through mobile apps). However, that is only safe to do if
the motorist is off the highway and stopped (or has one or more passengers on board), as
operating a mobile phone while driving is illegal in most jurisdictions, and an extremely
dangerous action regardless (Caird et. al. 2014).
Considering the dangers of operating a mobile phone inside the vehicle, it is not
enough to rely on mobile technologies for disseminating tornado warnings to motorists.
Most vehicles are occupied by a single occupant, as the mean occupancy for motor
vehicles on highways in the United States is 1.2 (Yang et. al. 2015), and that also
accounts for large carpools and buses which carry many more people. As a result, it
creates additional dangers as accident rates are likely to increase substantially if motorists
must rely on mobile phones to receive tornado warnings or look at weather information
while driving as a sole occupant. Alternative methods must be considered as at least part
of the solution.
The survey undertaken found that all respondents kept the weather on their mind
and nearly all had weather information available while travelling by motor vehicle
(Figure 4.6). Nearly two-thirds of respondents used mobile phone-based weather
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information as their primary sources, with commercial radio the primary source for most
other respondents; only a few used NOAA weather radios, signs, previously obtained
forecasts or other sources. That creates issues with getting the message at the specific
time, unless there is a voice-attenuated application that exists with the system, as the
motorist cannot safely see the message even if it is disseminated properly. Having voiceattenuated warnings would greatly improve that dilemma through upgrades to the WEA
system, which would override settings and allow warnings to be audibly heard even if the
driver cannot look at the phone (Wood et. al. 2017).

Figure 4.6

Preferred methods of severe weather message dissemination, as given by
survey respondents.

Other methods of listening on car stereo systems, including satellite radio and
personal music sources, do not provide any weather information, as they do not have an
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EAS mechanism (Spann, 2017). Respondents were almost equally likely to listen to
primarily commercial or public radio as opposed to a personal music source such as an
MP3 player while in their motor vehicle, with satellite radio systems less frequently used
(Figure 4.7). As a result, receiving warnings through car radio systems is possible, but
cannot be used as the most dependable source as it depends on human behavior. It is like
EAS systems on televisions, which do not work if the television is turned off or the
viewer is using non-television systems (such as home videos or gaming consoles).

Figure 4.7

Preferred source of music, talk or information for their individual listening
while driving in a motor vehicle, as given by survey respondents.
4.5

Survey results on weather alerts and specific situations

4.5.1 Situations that may create different hazards
Even the best disseminated warnings are not useful if the warnings are not
adhered to, which requires an analysis of public perception of the warnings (Spann,
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2017). The human behavior after receiving a tornado warning was asked in the same
survey to determine the public response, both with and without any sheltering plans in
place. Analysis of different local circumstances in terms of the setting of the highway, the
time of day and the familiarity of the area were also asked for a more accurate view on
the perception of risk while on the highway and whether it changes with different
situations.
The first question asked was whether certain situations make a motorist less
comfortable with the threat of severe weather and tornadoes. Five concern levels were
provided, ranging from those who were not concerned at all about severe weather during
such circumstances (scored as a 0 in the ranking analysis) to those who were extremely
concerned about severe weather during those circumstances (scored as a 4). The
responses are summarized in Table 4.4. The level of concern (LC) is calculated as an
average response in the same way as the cancellation index (section 4.4). A small number
of people said that they were unsure as well; those responses are not counted in the
analysis.
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Table 4.4

Number of respondents who had additional concerns (of various degrees)
in specific situations while in a motor vehicle, and the calculated LC score.

Situation

Driving in an
unfamiliar
area
Driving at
night
Driving in a
heavily
forested or
mountainous
area
Driving on an
Interstate or
a controlledaccess
highway
Driving in a
large urban
area

During severe weather, the number of respondents who LC
said they were…
score
Extremely Very
Somewhat Not too
Not at all
concerned concerned concerned concerned concerned
(4)
(3)
(2)
(1)
(0)
20
34
27
10
1
2.67
36

27

22

7

0

3.00

29

28

25

6

2

2.84

9

16

40

19

8

1.99

7

22

30

31

2

2.01

4.5.2 Spatial and temporal analysis
The results of the survey (Table 4.4) found that concern about severe weather
while travelling is much greater at night, with mountainous or heavily forested areas also
providing greater concern and the highest LC scores. Those results are not unexpected, as
tornadoes are much more difficult to see in such settings. The greatest concerns are
experienced at night when a tornado is only visible when it is illuminated by lightning or
power flashes. That is followed by those travelling in heavily forested and mountainous
areas, as forestry cover and mountains also greatly reduce visibility from the highway
compared to more open terrain or agricultural lands.
63

Given the land use and land cover of the southeastern United States where the tree
canopy is much denser (Figure 4.8), as well as the prevalence of nocturnal tornadoes
(Dixon et. al. 2011), there may need to be a greater effort on warning and sheltering
considerations in that region, and as a result the Southeast is a good place to experiment
with a large-scale tornado safety program. That region is much more heavily forested
than the largely open terrain that is present in the Plains and the largely agricultural
regions of the Midwest, which are the other primary tornado regions (Frates, 2010).
Mountainous areas are also problematic as the hills and ranges can block tornadoes which
may otherwise be seen, especially while in valleys. Tornadoes can and sometimes do
touch down in mountainous regions, including strong to violent tornadoes (including
multiple EF-4 and EF-5 tornadoes during the 27 April 2011 tornado outbreak) (Hayes,
2011).
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Figure 4.8

Tree canopy density of the 48 contiguous states of the United States
(USDA, n.d.).

There are also far fewer public buildings open and operating during the evening –
and especially the overnight – hours, which increases the need for tornado shelters to an
even greater degree, particularly in more sparsely populated areas. Schools and
workplace buildings are typically only accessible during business hours on weekdays
(Hoekstra et. al. 2014). Many restaurants, service stations and most retail stores are not
open at all hours of the day, particularly in more rural areas away from larger
communities (Chen and Clark, 2016; Hirschman, 2006). As a result, standalone shelters
are recommended in areas that public access to local establishments which may host a
tornado shelter cannot be guaranteed 24 hours each day, every day.
Driving in unfamiliar territory for the individual motorists also brings a
heightened level of concern for them during severe weather. That is challenging because
many motorists often do not know what county they are travelling in when they are in
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such situations, and tornado warnings primarily focus on the county (Coleman et. al.
2011). If they are not aware of their local county, then even the best disseminated
warnings would not be effective as they would not be understood by the users. Signs are
generally posted when entering a county, which takes only a few seconds to pass by at
highway speeds and are very easy for motorists to miss. Knowing county names is
important, however, it is not realistic for all motorists to know every county and every
mile of their route. As a result, individual mile markers must be mentioned and directed
for any method used to alert motorists (Blair and Lunde, 2010).
Even though motorists in those situations face unique challenges due to increased
traffic volumes and congestion, limited road access and high travel speeds, there was a
somewhat more modest (but still statistically very significant) increase in discomfort
among motorists while driving in urban areas and along controlled access highways such
as Interstates in a general situation. LC scores in those situations were 2.01 and 1.99,
respectively. Busier urban areas feature a much greater number of public buildings which
can be used as tornado shelters (particularly during the daytime, although they may not
be focused specifically on motorists), and while traffic volumes are typically much
higher, the average trip length is typically much shorter, reducing the demand for shelters
near the highway (Pucher and Renne, 2005). In addition, those are environments that
most motorists find themselves in frequently, as a significant percentage of the
population of the United States resides in a metropolitan area and commute to work daily
by driving alone. Dynamic traffic signs are also much more prevalent along urban
highways, which may make obtaining warnings somewhat easier (Sui and Young, 2014).
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4.5.3 Responses to tornado warnings and sheltering choices
The survey also asked whether they would take shelter if they had the opportunity
to do so and how they would respond if they received the tornado warning (through any
means possible) and the tornado was heading their way (Figure 4.9). About 63% said that
they would exit at the next interchange; among them, the clear majority would take
shelter if possible, while only a small percentage would simply adjust their route. Overall,
slightly over half of respondents said that they would take shelter off a controlled access
highway if they knew a tornado was coming. About one in five respondents, however,
said that they would use illegal and/or dangerous techniques to wait out or avoid a
tornado, such as taking shelter under an overpass, simply pull off onto the shoulder and
stop or turn around at a median crossover (which are reserved for emergency and service
vehicles). A few also said that they would consider the situation and assess their options
at that time or do nothing and proceed with their trip.
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Figure 4.9

Proportion of survey respondents who would undertake specific actions if a
tornado warning was issued for their route/location while in a motor
vehicle and they were aware of it.

While the responses are far from unanimous, they support that there is some
demand for better tornado shelters accessible for motorists, a situation that (for the most
part) currently does not exist, except at a small number of infrequent rest areas (TxDOT,
2018). The greatest challenges are found in rural areas, where there may not be publicly
accessible businesses or facilities (Schmidlin et. al. 2009), and those which exist may not
necessarily be able to withstand a strong or violent tornado (Wind Science and
Engineering Center, 2004). Knowing that fact, questions were also asked on whether they
would exit the controlled access highway to utilize a storm shelter if they had that
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opportunity and if they received the warning – either via radio/mobile apps and through
specialized on-route signage such as flashing beacons or changeable message signs.
The survey found that both of those methods are effective at directing motorists to
shelters if the warning is received (Table 4.5). If a radio message or mobile phone
message was received signifying that a tornado warning was in effect for their route,
47.3% of respondents said that they would certainly take shelter at the next interchange if
a tornado shelter was present there, while the clear majority of the remaining respondents
were likely, or at least possibly, going to take shelter. That confirms the value of audible
mobile messages to reach motorists in situations where operating a mobile phone would
otherwise be dangerous. Additionally, if signage on the highway indicated that a tornado
warning was in effect for that section of roadway (with some possible signage techniques
including but are not limited to electronic highway signs, variable message signs, flashing
beacons or flashing borders on guide signs, as described in the next section), the results
do not change significantly. In this situation, 45.2% of respondents said that they would
certainly exit the highway and take shelter at the next interchange.
The proportion of motorists who would shelter under a tornado warning (PMS)
was calculated like the CI and LC scores, assigning a score from four for certainly to zero
for certainly not. The results from the survey were weighted based on the likelihood that
the survey respondents would take shelter in each circumstance. Afterward, the raw score
was divided by four to result in a probability between zero and one for each of two
scenarios (being if they heard a tornado warning via mobile phone or radio message, and
again via signage or flashing lights on the highway). That equates to a 100% chance if
they said they would certainly take shelter, 75% chance if they said they would likely
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take shelter, 50% for possibly, 25% for not likely and 0% for certainly not. Those provide
a good estimate on the likelihood that motorists would exit the highway and travel to a
designated shelter should a tornado warning be issued. In both cases, the data was
statistically significant as well.
Table 4.5

Situation

Likelihood in which individual survey respondents would take shelter if an
adjacent tornado shelter was available, if they were alerted either by radio
or mobile phone or by signage or flashing lights, plus the PMS score and
the expected percentage of motorists who would take shelter if the
opportunity arose.

Certainly
(4)

Would take
44
shelter if the
warning was
given by
radio or
mobile phone
Would take
42
shelter if the
warning was
given by
signage or
flashing lights

Respondents who said they were…
Likely
Possibly
Not
Certainly
(3)
(2)
likely
not (0)
(1)
28
14
6
0

32

4.6

15

3

0

PMS
score/
percentage
3.16
(0.790)

3.19
(0.798)

Calculating exposure

The survey results suggest that, while it is unlikely that everyone will take shelter,
a very substantial proportion of motorists will. The sheltering capacity may not need to
be as great since, as previously determined, many trips would likely be cancelled as well,
particularly on days of higher severe weather threats. Determining the exposure was a
difficult calculation, which varies considerably by highway. It was best calculated for
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rural highways, since there are few shelters or alternate routes in those sections and the
likelihood of being “trapped” on the highway is greater. For these calculations, Interstate
highways in Mississippi were used, as the state represents a good sample for rural
controlled-access highways, along with a long busy section (along the coast) and several
more urbanized areas. Data was provided from MDOT to determine traffic counts. The
necessities can be adopted by other states as requirements depending on traffic volumes
on highways there.
The survey (Table 4.3; section 4.3.2) found that approximately 37.3% of trips
would likely be cancelled during a tornado watch (based on dividing the CI by 4). That
resulted in an initial value, representing the proportion of trips which would proceed (1 –
PCT) of 0.628. As the adjusted PMS score representing the likely proportion of motorists
that would use the shelters was calculated at 0.798 (which is also supported by the fact
that 75-80% of respondents would certainly or likely take shelter), the product of both of
those factors is 0.501. As a result, the traffic volumes during the busiest hour were
multiplied by 0.501, as well as the pV value of 1.2 in Eq. 1 (page 42).
Calculating the shelter requirements for each section of the five intercity Interstate
highways8 in Mississippi using Eq. 1 resulted in some interesting findings. As expected,
the greatest sheltering requirements (Figures 4.10 to 4.14) were in urban areas,
particularly in the Jackson metropolitan area but also along the Mississippi Gulf Coast
and in DeSoto County. Smaller urban areas (such as Vicksburg, Meridian, Hattiesburg,
Laurel and Brookhaven) also were clearly identifiable on those figures with increased
requirements. Except for I-10 (which is heavily travelled throughout Mississippi and
8

Interstates 10, 20, 22, 55 and 59.
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connects multiple population centers both within and outside of Mississippi including
New Orleans, Slidell, Gulfport, Biloxi, Pascagoula, Mobile and Pensacola), sheltering
capacity requirements were consistent throughout the state in rural areas.

Figure 4.10

Calculated shelter requirements for I-10 in Mississippi, using Eq. 1 and
2015 traffic data (MDOT, 2017).
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Figure 4.11

Calculated shelter requirements for I-20 in Mississippi (excluding the I20/59 concurrent routing), using Eq. 1 and 2015 traffic data (MDOT,
2017).
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Figure 4.12

Calculated shelter requirements for I-22 in Mississippi (excluding the
section of US 78 west of I-269, hence mile markers here are 12 miles
shorter than the posted mile markers), using Eq. 1 and 2015 traffic data
(MDOT, 2017).

74

Figure 4.13

Calculated shelter requirements for I-55 in Mississippi, using Eq. 1 and
2015 traffic data (MDOT, 2017).
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Figure 4.14

Calculated shelter requirements for I-59 in Mississippi (including the I20/59 concurrent routing), using Eq. 1 and 2015 traffic data (MDOT,
2017).

In rural Mississippi, the required shelter space for each section of Interstate
highway was generally for between 600 and 2,000 people using Eq. 1. That analysis was
based on tornadoes impacting at peak traffic periods on each section of highway. It
considers the mean number of passengers per vehicle, the likelihood that trips would
proceed under a tornado watch and the likelihood that the motorists would take shelter if
they were able to receive the warning. It is important to note that surveys found that, in
extreme severe weather threats (such as a high risk or a PDS tornado watch), motorists
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would be more likely to cancel or postpone trips than the modelled assumption (a normal
tornado watch). As a result, these estimates may be generous, but it is important to ensure
space is available for anyone who may desire such and avoid turning motorists away.
In urban areas and along busier highways, the required sheltering capacity
increases with higher traffic volumes, requiring more than 2,500 shelter spaces at or near
interchanges for motorists along the Mississippi Gulf Coast, throughout the Jackson area
and in DeSoto County, Hattiesburg and Meridian. In fact, the busiest section of I-55 in
downtown Jackson requires approximately 7,500 shelter spaces (Figure 4.13) to ensure
the safety of all motorists during busy times. Given the built-up nature of urban areas, it
may be possible to have multiple shelters available within very close proximity of the
highway. Signage is much more prevalent on urban highways and trips tend to be shorter,
so it is also possible that exposure may be lower for those factors alone (Sui and Young,
2014). As a result, there is much greater uncertainty at the high end of the model relative
to rural areas where interchanges are much less frequent, and trips are generally longer
(MDOT, 2012).

77

CHAPTER V
DISCUSSION
5.1

Dissemination of warnings

5.1.1 Analysis of possible technologies
The surveys found that more than half of motorists are very or extremely
concerned about severe weather while traveling via motor vehicle, and many respondents
(Appendix A and B) mentioned that they had no place to take shelter and no awareness if
a tornado threatened. In many cases, trips cannot be canceled or postponed either. That
confirms that multiple solutions are necessary to alert motorists to take shelter if a
tornado warning is issued and reduce the likelihood of being trapped on a highway with a
tornado incoming. Commercial radio and mobile apps provide valuable messages on the
go and provide a useful method to reach motorists for severe weather information.
However, both have their shortcomings as they are either dependent on the motorist’s
personal desires on the source of the music or news, or on having a passenger in the
vehicle able to handle the phone.
Commuting data identified that the vast majority of motorists are driving alone
(Yang et. al. 2015), hence utilization of a mobile phone cannot be viewed as a reliable
solution unless there are audible messages associated with the mobile phone (Coleman et.
al. 2011; Sutter and Erickson, 2010). That factor, combined with the survey results
finding that nearly two-thirds of respondents used mobile apps as their primary weather
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source, introduces a challenge for warning dissemination. Operating a mobile phone is
very dangerous while also operating a motor vehicle (it is also illegal in most
jurisdictions) (Caird et. al. 2014). As a result, audibility of messages is crucial to ensure
that motorists do not have to operate the phone while driving.
The survey also found that nearly half of respondents did not listen to commercial
or public radio while driving, which limits its effectiveness. Radio information can be
especially difficult to obtain from radio stations in more rural areas and during the
evenings or on weekends (outside of EAS requirements) (Spence et. al. 2011). While
there are EAS requirements for commercial radio stations, no such requirement exists for
satellite radio or when the radio is turned off completely, and it will be very difficult to
implement such a system (not to mention there would be problems with personal privacy
if their individual locations were being tracked). Only 4% of survey respondents said that
they used NOAA weather radios while traveling. There are more methods available for
receiving weather information than there have ever been (as mobile phones represent a
new technological advancement), but additional techniques are necessary to ensure that
motorists reach their desired shelter if a tornado warning is issued or a tornado threatens.
Given the limitations of mobile applications and the different personal desires
resulting from the survey results, it is likely much more effective to reach motorists from
the roadway and not from external sources. As the survey found that compliance with
such would be near 80%, roadway-based warnings would provide a very important
method of warning motorists that cannot be ignored based on radio preferences or
application of mobile devices. That can be achieved through signage changes which
ensure that the message is provided. The technology available does permit for such in
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multiple ways, but there are issues of cost and constructability that must be overcome.
Nonetheless, early versions are already in place and they can be expanded, and each of
the viable solutions has some other use which can be easily adapted for severe weather. A
universal signal or signage policy, enacted by the NWS and other weather agencies in
conjunction with AASHTO and state DOT’s, is necessary to avoid confusion among
motorists, combined with a public education period to make the general public aware of
what the signs and/or signals specifically mean.
While signage-based possibilities exist, cost and feasibility must be considered as
they are only in use in limited forms at this time. Variable message signs (VMS’s) are
moderately used, but typically provide only limited information (Sui and Young, 2014).
However, they may become more feasible at lower cost in the future. Some possible
longer-term solutions that could be retrofitted on controlled access highways include
electronic signage, strobe lighting at interchanges, flashing signs and other means. They
must, however, not be powered by commercial power systems as there must be
redundancy so that they are still effective when the power is not operating (a major
problem that occurred on 27 April 2011). Two of those technologies were analyzed in
greater detail in sections 5.1.2 and 5.1.3.
It will take a lengthy period of time, and a lot of effort, to retrofit the signs, add
special lighting or change the technology used, and will be very expensive to undertake.
Budgetary concerns are also problematic, as all levels of government have limited room
to spend money to upgrade signage or install signals, while at the same time there is often
limited desire by the public to increase taxes on individuals or businesses (Faricy and
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Ellis, 2014). As a result, it is likely that large-scale projects will either need a massive
federal investment or they will need to be done piece by piece.
5.1.2 Recommended options for signage on highways
Variable message signs (Figure 5.1) are used routinely across the United States to
dispense traffic advisories, public notices and other information. They represent the
easiest method to disseminate a tornado warning, but they are mostly used in urban areas.
Additionally, even though they have increased in numbers in recent years, they still are
relatively sporadic compared to the high number of standard highway signs. It would take
enormous effort – both in terms of financial and human resources – to install frequent
variable message signs (or to completely replace standard green highway signs with
them), which would be applicable at every interchange. Nonetheless, if future standards
change so that all signs are electronic, that would be especially valuable, and is highly
recommended as a long-term vision.
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Figure 5.1

Typical VMS on a Minnesota highway with traffic information (Alfelor
and Yang, 2011)

Currently, most variable message signs are black with orange or yellow text
(Alfelor and Yang, 2011). Full color LED graphical signs exist, but they have had a very
limited implementation at the time of writing (Daktronics, n.d.). Figure 5.2 shows an
implementation of such signs used at Walt Disney World Resort in Lake Buena Vista,
FL, where signs can change due to parking demands and park closures (DisneyGeek.com,
2016). One of the few implementations on public highways was on the New Jersey
Turnpike (Figure 5.3), where they exist on overhead signs on one of the busiest highways
in the US (Golub, 2018).
They are expensive to implement but would also have multiple other purposes
beyond tornado warnings and emergency information. For example, they could be
changed to mention other weather warnings, detour routes, road condition alerts (from
flooding or winter weather) on secondary routes, parking capacity at parking lots, events
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that would otherwise not warrant being on permanent signs and other short-term changes.
As a result, they should be slowly phased in as budgets permit (particularly on more
heavily traveled and/or tolled highways), but an alternative, cheaper and more immediate
solution is also necessary to ensure public safety.

Figure 5.2

Full color LED VMS at Walt Disney World Resort, using non-standard
fonts and colors but otherwise typical parking signs (DisneyGeek.com,
2016).
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Figure 5.3

Full color LED VMS on the New Jersey Turnpike, using MUTCD fonts
and styles to project a road sign over the highway, a standard which would
be very useful in a tornado warning situation (Golub, 2018).

Such signs can retain the standard green background in normal situations but can
change to red, yellow or some other color if necessary (as in Figure 5.3). They can also
flash “tornado warning – exit to shelter” (in both English and Spanish if warranted) or
provide additional emergency directives as warranted. That has an advantage of signs
being highly visible and providing clear directions during both the daytime and nighttime
hours, while being programmable only while necessary (from a central location) as well
as operable from its own power source (solar powered with battery) so that it can be used
during power outages (Mullins et. al. 2011). These signs would likely be extremely
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effective in warning motorists of tornado (or other weather) threats, with visual messages
that cannot be missed, but have a significant drawback in that they would be expensive to
purchase, install and maintain.
5.1.3 Options for strobe lighting and flashing lights on signs
While electronic signage has many advantages (and may ultimately be the
solution), the cost and implementation logistics are significant challenges when it comes
to their implementation, particularly in rural areas. As a result, other alternatives need to
be considered. In addition to electronic signs, there are simpler options that exist. One
possible alerting method could be to flash small lights with a specific color around guide
signs, alerting motorists to take shelter immediately. Such signs already exist in many
applications, including for pedestrian crosswalks (Figure 5.4), and are generally solar
powered hence there should be no issues of warning during electrical interruptions
(FHWA, 2009). The most logical placement is around either an exit number sign and/or a
green exit sign (whether ground-mounted or overhead from the highway).
As the meaning of such a warning would not be obvious (especially at first), a
public education campaign is necessary, in both English and Spanish (and other
languages if necessary), to alert motorists of the meaning of flashing signs and what the
specific color means, through television and Internet campaigns and social media, funded
through state and federal emergency management authorities. A standardized color is also
necessary to ensure consistency between individual states or jurisdictions, hence the signs
should be mandated by the American Association of State Highway and Transportation
Officials (AASHTO) and publicized in the Manual on Traffic Control Devices (MUTCD)
(FHWA, 2012).
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The MUTCD already provides directives on flashing strobe lights in general on
signs, hence this would be a simple modification. Flashing lights around signs (such as in
Figure 5.4) are to exclusively utilize LED lights, which need to be large enough to be
visible at 75 mph (120 km/h) or the posted speed limit, whichever is higher, but not so
large that it is otherwise visibly distracting. While the use of larger independent strobe
lights at exit signs (on the highway) may enhance visibility, they are not recommended
by the MUTCD for standard signs, and hence should not be used on the highway to
maintain general consistency.

(a)

(b)

Figure 5.4

Examples of a stop sign (a) and a pedestrian crosswalk sign (b) using LED
lights in their border for additional visibility. Using red lights around a
guide sign can be very useful for disseminating a tornado warning (FHWA,
2009).

The most recent update of the MUTCD recommended that LED lights around
signs should not be more than 0.25 inch (6.3 mm) in diameter (FHWA, 2012). In
addition, the recommended colors are white. While utilizing the MUTCD
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recommendations are normally an ideal solution, in this case that may not effectively
convey the message of the tornado warning to motorists. Additionally, the size needs to
be enough to be visible clearly at highway speeds, but not so large that it is visibly
distracting. Red is typically the color of danger, and as a result, red lights (which
otherwise meet the AASHTO standards) should be used both on the guide signs
identifying interchanges (and rest areas), as well as the exit gore point sign. They should
not be used on signs at interchanges between two controlled access highways, as the
intersecting highway does not provide any opportunities to take shelter without departing
at another interchange.
The survey results found that a substantial proportion of motorists would depart
the highway if they found out about a tornado warning through signage. As a result,
flashing red lights around exit signs are the most cost-effective and universal solution,
supplemented by radio and mobile phone information when such can be safely and
effectively obtained (particularly through audible mobile phone alerts). FEMA 453
(FEMA, 2006) determined that a time delay existed in reaching a tornado shelter, hence
NWS WFO’s should provide additional lead time for tornado warnings when a controlled
access highway is in its path. It is desirable that 20 to 30 minutes of lead time be provided
for the tornado warning for a section of controlled access highway, to account for latency
and preparation time necessary to take shelter. Latency needs to be reduced to near zero
as well to ensure that the warning is received in a timely matter.
Action should occur when the next section of highway (i.e. between that
interchange and the following interchange or rest area) is included in a tornado warning.
Signs should flash at the exact moment of warning issuance with little or no latency,
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triggered by either an automatic button or at a central location in each state or
jurisdiction, such as a state DOT or a NWS WFO. The time provided would allow
motorists to depart the highway, follow signs to an adjacent shelter, park and enter the
shelter. The system needs to be as reliable as possible to ensure public safety, as
tornadoes can and do happen very quickly, while it takes time to exit the highway, reach
the parking lot and then enter and secure themselves inside the shelter.
5.2

Sheltering motorists

5.2.1 Shelter construction and size
Ensuring that motorists know about a tornado warning is only part of the solution
for reducing tornado fatalities. The survey found that 22% of respondents would take
dangerous or illegal actions – such as stopping under an overpass or making a U-turn – to
avoid a tornado if they received a tornado warning and no shelters were available, as it is
well known that a motor vehicle does not stand up well in tornadic winds (Paulikas and
Schmidlin, 2016; Blair and Lunde, 2010). In addition, nearly 8% of respondents said that
they would do nothing at all and proceed along the route. As a result, having a strong
shelter, capable of withstanding a direct hit from an EF-5 tornado, is imperative to reduce
the number of fatalities in tornadoes.
In rural areas, many interchanges have few or no services, and even public
buildings (such as restaurants and service stations) that exist at that interchange may not
be structurally strong enough to withstand an intense tornado without sustaining
significant to extreme damage (Wind Science and Engineering Center, 2004). As nearly
80% of respondents surveyed mentioned that they would depart and take shelter if they
were aware of the situation, the demand is definitely present for a safer option. In order to
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ensure a universal solution, all shelters and parking areas must also be barrier-free and
fully accessible for wheelchairs and mobility aids, to ensure that no one is left
unprotected due to physical barriers (Fox et. al. 2007).
The specific shelter type which should be used at the interchange depends upon
several factors, including the traffic volumes, the population in the local area, the land
use/land cover and any other needs or desires in that community. As many motorists
would cancel or postpone trips, especially longer distance trips, on days with a significant
severe weather threat, the required shelter space changes accordingly. In urban areas,
traffic is more local in nature, but traffic volumes are often significantly higher.
Underground shelters are not recommended due to flooding concerns as tornado events
are sometimes coincidental with heavy rainfall and flash flooding events, particularly in
areas with a shallow water table (Bunkers and Doswell, 2016).
Shelters can be located on either or both sides of the controlled-access highway
(depending on land use and traffic issues) accessed from the intersecting or parallel
surface road, with the location determined via consultation with local communities. They
should also be available at highway rest and parking areas (expanding the current
initiative from TxDOT to other states), particularly if the rest area is a considerable
distance from any interchange. The location, however, must be no more than 1 mile (1.6
km) from the highway and fully signed on the ramps and connecting roadway.
It is desirable – but not always possible – to have the shelter(s) immediately
adjacent to the interchange, within ¼ mile (400 m) of the ramps (FEMA, 2006). That is
dependent upon the built-up nature that exists in the vicinity of the interchange, but it is
imperative that it can be reached quickly in order to ensure motorists are protected before
89

the tornado reaches the vicinity. In most situations, the shelter should be at a public site,
such as a park, a carpool parking lot or park-and-ride facility, a school facility or a
community center. However, should a business decide that they wanted to host a shelter,
the offer could be entertained provided they can ensure it is available 24 hours a day, 365
days a year.
Large parking areas are necessary to ensure that motorists have a safe place to
park before disembarking their vehicle for the shelter. Based on the mean occupancy of
1.2 passengers per vehicle, there should be one parking space for every 1.2 motorists that
are expected to utilize the tornado shelter (which is not necessarily the actual capacity, as
local residents may require additional capacity inside the shelter). Parking should also be
provided for semi-trailers and other large trucks (depending on the demand which may
exist on that route), as commercial vehicles are quite prevalent on major Interstate
highways.
In rural areas with relatively low traffic volumes (AADT under 15,000 vehicles),
space is only necessary for a few hundred motorists. That can easily be accommodated
with a large community shelter, like those mentioned in FEMA directive P-361 (FEMA,
2015). It can either be one or more standalone single-use buildings (an example being
Figure 2.3) in a very rural area, or it could be a small to medium-sized hardened multiuse ballroom, conference room, classroom, small gymnasium or other room type (Figure
2.4) that is otherwise used for other purposes, yet still meeting all the internal
requirements in Section 5.2.2 (Jennings, 2017). The calculated sheltering requirements do
not consider the needs of the local communities and any requirements which may exist,
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as residents may decide to take shelter in them as well. Hence, the size must consider
local needs as well.
On highways that feature higher traffic volumes (particularly those with an
AADT over 40,000), the sheltering requirement significantly exceeds the size of smaller
community shelters, and standalone single-use buildings are likely no longer suitable.
The high exposure that results from busier highways requires larger buildings, such as
multiple large gymnasiums, conference halls, arenas or school buildings (FEMA, 2006).
Regardless of the purpose, the shelters still must meet strong standards to withstand an
EF-5 tornado. As there is extensive construction or retrofitting required, the cost to
implement such may be a short-term barrier. However, given the higher exposure that
exists on busier controlled access highways, it is likely a cost-effective solution as the
potential exists for a very large loss of life if an intense tornado directly impacts a busy
highway, even if such are not necessarily cost-effective for permanent homes (Simmons
and Sutter, 2006; Uccellini 2014).
In urban areas, it may not necessarily be possible to implement large shelters at
every interchange, due to the built-up nature and the more frequent spacing of
interchanges. Due to the local traffic patterns typically encountered, sheltering directly
off-highway (as opposed to sheltering in place) may not be the preferred solution in those
situations either. Local traffic should be discouraged from travelling during severe
weather events (at least during or just in advance of a tornado warning), particularly on
controlled access highways, and instead should shelter in place within their local
community (Uccellini, 2014). That is supported by survey results that found that the
majority of respondents would at least consider postponing or canceling trips during
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higher-end risk levels or tornado watches (particularly PDS tornado watches).
Additionally, they could remain in their own public or private shelters near their home,
work or school, although assessing such is outside the scope of this report.
5.2.2 Internal requirements
The last step for tornado protection is to ensure that motorists (and other people in
the community) are protected in a strong, secure, tornado-proof shelter. Strict conditions
would be in place for both local governments and private individuals or businesses
operating the shelter in that they must meet safety standards defined in directives P-361
and 453, ensuring that their security and stability is not compromised (FEMA, 2006;
FEMA, 2015). They must also be well maintained to ensure that their safety holds up
over time, with regular public inspections. Any deficiencies should be corrected
immediately (through a maintenance program) to ensure that patrons are safe and
protected when the next tornado threat occurs.
Any windows inside the shelter must be able to lock, with the locking mechanism
ensuring that the windows remain secure during an EF-5 tornado with winds up to 250
mph (400 km/h). That can be accomplished via hurricane shutters that move up and down
either via hand or via button operation. The door must also be properly installed and able
to withstand intense tornadic winds, meeting ICC 500 and NSSA standards (FEMA and
ICC, 2014). The door must also be able to close securely as a tornado approaches, and
both the windows and doors must not be operated by commercial power as it must be
operable during electrical outages.
Both the doors and windows are critical points which can be areas of weaknesses
if they are improperly installed or poorly maintained. On 27 April 2014, there was a
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fatality of an occupant inside a private tornado shelter due to door failure resulting from
poor installation in Mayflower, AR (Figure 5.5), which meant that the shelter did not
meet ICC and NSSA standards (Tanner and Kiesling, 2014). It was the first known
fatality inside a storm shelter directly because of a tornado, but it would not have
happened had the shelter been up to standard. Such an incident when there are hundreds
of people inside a shelter could result in catastrophic loss of life.

Figure 5.5

Door failure at an improperly installed tornado shelter in Mayflower, AR
on 27 April 2014. That resulted in the death of the sole occupant after
debris penetrated the door (Tanner and Kiesling, 2014).

The shelters – regardless of their size and whether they are single-use or multi-use
– must have sufficient space to accommodate wheelchairs and mobility aids. First aid and
emergency kits, along with a backboard and an AED device, are also required on site in
the event of an emergency as first responders may not be able to reach the location
immediately to respond to a life-threatening medical emergency. During any natural
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disaster (including a tornado), stress levels increase dramatically, and that greatly
increases the risk for multiple sudden health emergencies, most notably including
myocardial infarction (heart attacks) which occasionally result in indirect fatalities during
tornado events (Stimers and Paul, 2017). At least one, and ideally several NOAA weather
radios must also be provided at each shelter site, available for use when a tornado
situation is occurring.
Since it is expected that most patrons will remain inside the shelter for a relatively
brief period and should generally spend no more than an hour in them (other than in
situations of multiple training supercells), additional supplies such as water, cots and
blankets are not necessary (FEMA, 2006). If the facility was also used as a hurricane
shelter, they may be necessary during those situations, but utilization as a refuge during a
hurricane goes beyond the scope of this report. It is nearly impossible to plan shelters
ahead for tornadoes other than by simply opening and closing them with basic
requirements, as tornadoes develop very quickly, and initial warning is measured in
minutes or hours, not days. A basic restroom facility is beneficial (and should be part of
the strengthened building) but is not strictly necessary especially in a single-use shelter
that is not used as a community facility (FEMA, 2015).
Shelters should also be pet-friendly in all situations. Many motorists bring
animals with them for long-distance travel and even when they are simply sheltering in
their local area, families may want their animals beside them (Leonard and Scammond,
2007). Dogs and cats (leashed and/or caged) are most likely to be alongside their owners
and it is important to protect them as well. One challenge is that many people may have
severe allergies and/or asthma which may make them much more vulnerable in the
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presence of animals (Uccellini, 2014). Finding the right balance is a major dilemma that
must be resolved, as neither group (those with animals and those with sensitivities) can
be left out when it comes to tornado sheltering, and rogue animals left without their
owners are not a solution either.
At least some internal lighting should be provided by power sources other than
commercial electricity, such as battery power and/or solar panels. The shelters must be
usable at night, and while the tornado is at its greatest threat the windows will be blocked
off. By using external sources, they will be safe and usable during periods of power
interruptions as well, including for those with mobility challenges that may not be able to
see easily in the dark. While it is not as important as on warning lights to have
independent power sources, a degree of comfort can be found by such inside the shelters
as well as they may be used during periods of widespread power outages from multiple
rounds of storms (such as on 27 April 2011) (Knupp et. al. 2014).
If the shelter is a single-use facility, it could be closed most of the time to ensure
its integrity and security. However, it must be opened – either automatically through a
signal-based system or manually by the owners, local representatives, law enforcement or
another responsible group – whenever there is a tornado threat (i.e. the issuance of a
tornado watch, on a significant risk day or well in advance of a tornado warning). It is
imperative that no one is left standing outdoors or inside their vehicle in line with a
tornado threatening, as lineups/queues could leave people outdoors during a tornado.
Being outdoors is even more dangerous than being in a vehicle during a tornado, which is
already a very dangerous situation (Schmidlin et. al. 2009).
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CHAPTER VI
CONCLUSION
Tornadoes continue to be, and will always be, a frequent and severe hazard in
many regions of the United States. The strongest tornadoes can result in extreme loss of
life and property damage, while even weak tornadoes are dangerous if mitigation is not
taken. Overall, tornado fatalities have generally decreased in recent decades,
notwithstanding very deadly years with the most infamous example being 2011.
However, tornado fatalities in motor vehicles have not decreased in the past 25 years, and
the percentage of total tornado fatalities occurring in vehicles has increased from 7% to
12% in that time. Recent tragedies have made it clear that the current system, despite its
best intentions, is not working as intended, with recent tornadoes on 31 May 2013 and 26
December 2015 resulting in large loss of life among motorists.
Motor vehicles (such as automobiles, trucks and buses) are not safe locations
during any tornado; in fact, they are as dangerous as being in a mobile home. Despite the
fact that safety enhancements have occurred with vehicles over time which have occurred
to attempt to improve outcomes after automobile accidents, a weak tornado can
significantly damage a vehicle, while an intense tornado often renders them
unrecognizable. To prevent motor vehicle fatalities during tornadoes, encounters need to
be avoided if possible. The challenge is particularly acute on controlled access highways
(such as Interstates) where access is limited to interchanges and there are no
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establishments adjacent to the highway. As controlled access highways represent the
most heavily travelled routes and therefore the potential for a tornado disaster is greatest
upon them.
The first challenge motorists face is awareness of the situation. It is difficult to
receive weather information inside a motor vehicle, especially when driving alone. Long
distance travelers and those with less familiarity with the route are more likely to be
unaware of the threat and their surroundings, hence the issue is especially concerning in
rural areas. Relatively few motorists utilize NOAA weather radios while driving and
utilizing televisions or Internet sources are impossible, further limiting the availability
and dissemination of weather information.
Commercial radio and mobile weather apps provide useful information, but radio
information is dependent on the motorist’s individual preferences, and without an audible
message, WEA messages and other mobile alerts require that the motorist handle the
phone (and possibly text) while driving, which is extremely dangerous and often illegal.
Latency of warnings is also a challenge and warnings need to be disseminated
immediately, as tornadoes are short-fuse events with limited lead time. Technology
advances continue and there have been experimental attempts at audible warnings.
Standardizing audible WEA messages, with the warning type given by voice (ideally in
both English and Spanish, as well as any other languages warranted), will provide a
valuable first warning for motorists who could otherwise not receive the message. As a
result, emergency managers and mobile communications operators should make a greater
effort in allowing for, and producing, audible tornado warning messages through
upgraded WEAs.
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Highway signs continue to evolve as well. Even if a mobile warning is not
received, signage can indicate information and warnings, alerting motorists to leave the
highway to take shelter if a tornado threat is occurring ahead. Survey results found that
the vast majority of motorists would depart the highway and take shelter or adjust their
route if they were aware of a tornado warning ahead via signage. It will be very
expensive to retrofit all exit and route signs with electronic LED signs, but it would be
extremely valuable to alert motorists that they should exit if they see a red sign, which
could add a tornado warning message to the sign. Prioritizing higher-traffic routes
initially will result in more economic benefit given the high cost, but an ultimate goal
should be for guide signs to be electronic and meeting MUTCD standards.
An alternative option is to utilize flashing beacons around highway signs,
particularly the green signs in advance of an interchange and the exit number sign at the
exit. That may be a cheaper and more cost-effective option, particularly in rural areas.
However, such an endeavor would require a public education campaign to notify the
public on the meaning of such flashing LED lights. Regardless of the electronic
technology used, the signs and signals must be operated independently of commercial
power, enabling their use even during large scale power outages (a situation which
tragically came to prominence during the 27 April 2011 tornado outbreak).
Even the most efficient warning systems, however, are meaningless if motorists
do not have a safe place to take shelter. Apart from a few rest areas and parking areas,
there are no opportunities to safely implement or consider shelters directly within the
rights-of-way on controlled access highways. It results in many motorists reporting that
they would simply stop on the shoulder, turn around in the median or take shelter under
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highway overpasses, all of which are very dangerous. As a result, ensuring that motorists
have a shelter opportunity at each interchange is paramount. The surveys also found that
most motorists would utilize designated shelters if they existed at interchanges. That
requires placing a designated shelter at each interchange, particularly in rural areas where
few establishments exist. Shelters should be funded through government grants from
agencies such as FEMA. Even where public establishments exist, they may not be able to
withstand an intense tornado. While violent tornadoes are rare, they do occur and are an
extreme threat to life.
Depending on traffic volumes and community demands, there are options for the
design of shelters. Surveys determined that traffic volumes would likely decrease on days
of significant severe weather threats (particularly at the higher end), reducing the
exposure somewhat. If the highway is lightly used, standalone box shelters (similar to
those used in some rural areas) are sufficient, although more than one may be necessary.
Otherwise, a community facility – such as a gymnasium, school building, conference
center, ballroom or public library – can be used. Sufficient parking must be available for
motorists, and they must be signed well from the interchange ramps.
Strict internal and external standards must be met to ensure that shelters are safe
and accessible for all occupants. They will have to be inspected frequently to ensure that
they continue to meet construction standards, as they must be designed to keep occupants
safe in an EF-5 tornado. The doors and windows are especially important to ensure
proper maintenance, as those are where failures are most likely to occur. All parking lots,
entryways and shelters must be fully accessible for persons with mobility impairments
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and other disabilities and equipped for emergencies. Those will ensure universal
protection for any motorists who leave the highway and take shelter.
While surveys found that not all motorists would do such if they were aware of a
tornado warning, the clear majority would do such and compliance would be about 7580%. One caveat is that the sample size is relatively small, resulting in a higher margin of
error. In addition, as the principal method of communication was through social media,
there could be a high bias due to the better knowledge of weather that many of my selfselected friends and closest followers (as well as those following the meteorologists who
shared the links) have compared to the general public. Nonetheless, the results provide a
good regional sample and there were still a wide range of answers given.
No solution is foolproof, and compliance will likely never be 100%. However, the
status quo places far too many motorists at risk during a tornado situation. A direct
impact from a large, intense tornado crossing a busy controlled access highway (such as
an Interstate Highway) would likely result in large loss of life from motorists who may
feel they have no opportunity to escape. It will take considerable time, money and effort
to implement a tornado shelter plan and enable safe refuges at all exits as well as audible
warnings and electronic or flashing signs. However, those will go a very long way to
ensure that motorists are safe if they must travel on days with threats of tornadoes.
The Weather-Ready Nation initiative must work to prevent such tragedies and
mitigate such risk. This report provides a framework to help protect motorists and make
them aware of tornado threats that may not otherwise have been alerted. Emergency
management is a constant work in progress, while future technologies will open the door
to new opportunities. There has been little opportunity for progress on reducing tornado
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fatalities in motor vehicles over recent decades, but new initiatives can begin the process
and keep motorists safe, even on controlled access highway.
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RESPONSES TO QUESTION 2:
SPECIFIC CONCERNS IN WHICH INDIVIDUAL RESPONDENTS MENTIONED
THEY ENCOUNTERED WHILE TRAVELING
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Table A.1

Specific responses provided by respondents identifying their greatest
concerns encountered while traveling.

Rain making the roads slippery, limited visibility with fog and heavy rain, slippery
roads from ice and snow.
Sliding on ice or getting stuck in the snow
Winter driving concerns me most. Not being able to see black ice, or driving at night
in snow really tenses me up.
The rain coming down so hard that I cannot see the road in front of me. When it's a
snow storm, worried about losing control of the vehicle.
Sudden funnel dropping, large hail, high wind.
Pooling water, ice, heavy snow
Hail, tornado, do not want to get caught with no shelter.
That I won't find shelter if there is a tornado, or that hail could damage my
windshield.
Blizzard conditions or tornado activity.
Sliding on ice, visibility in rain and fog.
If I am driving in bad weather I am concerned that I am not in a safe environment.
High wind, poor visibility.
Sudden gusts of high winds.
Unknown changes that are happening. For example, if I were home I would have
access to tv, radar, live broadcasts on fb
None really
Ice snow wind
flooding
Not being able to see the road and my surroundings well enough to drive safely.
Which is why I do my best to not drive during severe weather.
Recognizing escape routes
Lighting, heavy rain, wind
Wind and trees falling
Tornadoes and what to do for shelter
Encountering standing water causing loss of control
Black ice, puddling water, hail, limbs, etc.
Escaping a tornado
Keeping up with tornado warnings.
Rain and wind
Rain because I have a hard time seeing when it’s raining
Ice or tornadoes, and hardly any info on local radio anymore
Hydroplaning
I’m afraid I'll be caught in the middle of a tornado and no place to go for shelter. If we
had them locally I'd make sure to know where they are in case of any severe weather
112

Table A.1 (continued)
Not being able to get to a safe place in time if severe weather hits while I'm driving.
Lack of areas to safely pull over to when weather causes low visibility. Safe place to
go should there be a tornado.
Shelter, or rather, the lack of.
Hydroplaning
Tornado with no shelter
High wind, blinding rain, other drivers.
Hydroplaning
Tornadoes occurring with no place to seek shelter.
Tornadoes, High wind, Flash flooding
Road conditions
Snow, freezing rain, hail, wind, heavy rain and tornados
Being able to safely drive in severe storms with large hail, deadly cloud to ground
lightning, damaging winds & tornadoes.
Limited visibility, drivers around me driving irresponsibly, being trapped in an area
where I cannot pull of the road if I need to do so
Tornadoes, hail, rain, fog...all weather always, i am a Floridian
Strong thunderstorms
Heavy rains and strong winds
Hail Damage/ Tornado
Visibility, traction
Strong winds, heavy rain, mostly I worry about other drivers being reckless.
Straight line winds making it difficult to stay in the lane, tornado warnings,
snow/black ice
Falling debris
I always check the forecast before I travel. I'd prefer to avoid hail, ice & snow.
On what could happen if worse case scenario.
Visibility, strong winds, nowhere to go in case of tornado
Not knowing the severity
If Tornado warning occurs where can I go for safety?
Lack of visibility and/or traction
Visibility concerns
Driving Into blinding rain, greater than quarter size hail, and / or damaging straight
line or tornadic winds.
Where is the storm and how strong is it?
Hail damage
Vehicle accident
Coming across an approaching tornado & not having a safe place, flash flooding
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Table A.1 (continued)
Ponding of water on the roadways during heavy rains, high winds, icy roadways after
accumulations, and frequent lightning strikes
Usually traction on wet or slick roads
I am concerned I will miss a warning
Drivers not paying attention to the roads because they see something. People wanting
to play storm chaser that have no idea what they're doing thus making it unsafe for the
actual chasers and spotters.
Where and when bad weather will occur.
Road conditions and lightning
How it will affect road conditions and visibility
Rain and windy weather
Tornados, flash floods, being unable to see clearly
I’m from the south so I wouldn’t want to drive in winter weather. I don’t know how to
drive in this weather.
Hate heavy rain. Concern for hydroplaning. Concern for low visibility, concern for
Flooding.
Rain, snow, mix, strong winds
How to tell which way it’s going and how fast
Hydroplaning, hail
I am afraid of severe wind gusts blowing the car around and I’m afraid of large hail
damaging the car.
Hail
Icy roads
tornadoes, people sliding into me on ice
If I notice the sky looks stormy, I want to know more about what weather can be
expected, what the risks are of hail and tornados in the summer, or in the winter the
risk of icing.
Slippery road
The impacts to will have on my safety.
Reduced visibility, slick roads
Rain or any severe weather that may occur
Severity, flash flooding
I am always very concerned about heavy snow when ice when I am driving.
Heavy rain or heavy snow
N/A-Don't Drive
Road Accidents
Whether a tornado will hit unaware, or if we can be properly warned
Black ice events and sliding off of the road
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RESPONSES TO QUESTION 3:
SPECIFIC WARNING SIGNS IN WHICH INDIVIDUAL RESPONDENTS USED TO
IDENTIFY SEVERE WEATHER WHILE TRAVELING
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Table B.1

Specific responses provided by respondents identifying methods they used
as warning signs to try to determine imminent severe weather threats while
traveling.

Dark sky overhead or in the distance
Animals running in the road, traffic patterns and tail lights
I usually keep an eye to the sky when severe weather is anticipated. The way the
clouds are moving, temperature and dewpoint.
Check the weather report.
Wall cloud, cloud/sky color.
Blowing and drifting, slick spots
I try to listen to radio, or check weather radar.
The sky, or I check NWS website
Weather and radar apps and alerts
Icy conditions or baby rain
Dark clouds
Darkening or threatening skies.
Flags straight out, trees moving, etc.
Dark skies, lightening, debris
Wall clouds.
Dark lowering sky. Heavy rain or snow
rainfall rate, severe thunderstorm
Funnel clouds, heavy winds
moisture instability lift shear
Dark skies, lighting
Change in wind, moving clouds
Listen to radio, heavy rain, high wind
Clouds and wind
I watch the clouds, trees, and the way the rain is coming down
Heavy rain
Funnel clouds, intense lightning, hail, color of sky, up drafts, wind direction
Funnel clouds
Dark clouds!
Clouds, hail or sleet, etc.
Heavy rain
Radio..phone... Usually go off. But thanks to a buddy who chases storms i know how
to spot funnel clouds.. Rotations and walls before tornado
Funnel clouds and heavy winds
Hail
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Table B.1 (continued)
I usually look at radar if I’m in the passenger seat.
Not sure what you mean, I’m thinking weather warning conditions? Amount of
precipitation, cloud formations and winds.
Watching the sky for tornadoes, hail , heavy rain down poor
Weather reports, construction, possible tornado , high winds.
Standing water in the grooves worn into the surface by traffic
Radio station warnings and my weather alerts via iNWS.
Debris, rising waters, or water crossing roadways
Rain / Sleet
I check before I drive, know how to analyze the clouds/changing conditions and will
stop to check phone for further updates
Torrential rainfall, wall clouds see answer above to previous question.
driving towards towering clouds, funnel clouds
Shelf clouds and sudden changes in wind , light or temperature
Threatening clouds/storms
We roads
Clouds/ Highway signs
Temperature change, sky conditions
I have my passenger check radar if possible.
What the weather will be during the time (any severe weather expected, temperatures
during the winter)
Cloud color
The clouds, wind direction, & precipitation...and greenage.
Dark clouds, increased winds
Hail, funnel cloud
Color of sky, intensity of storm and winds, other drivers response to storm
Updates on weather apps on cell phone, sky, radar, listen to radio for warnings.
Tornado threat, winter conditions, hail, winter wx
Dark clouds, incoming heaving rain, gusty winds
I watch the RadarScope iPhone app. It is difficult for me to determine what lies ahead
by looking at the clouds or sky or listening to the radio.
Other slow drivers around me
The clouds that are approaching
Low cloud deck
Blowing objects or cars sliding on ice
High water on the road, watch the sky
Green tint in the clouds and rotation in the general direction I am traveling
I listen to the radio in bad weather and look at the clouds
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Table B.1 (continued)
Sky conditions
Typical ones.
Flooding and lightning
Ominous cloud formations, lightning, inflow/outflow strength and direction
Slipping on the road and hydroplaning in the water
Debris, obstructed views
I’m a Meteorology major so if there is severe weather happening while driving, I’m
going to know about it.
Check radar first before I go anywhere and Forecast. Plan my travel accordingly.
Sometimes have no choice, and have to travel.
Dark clouds, trees bending in wind
Funnel from the sky
Dark clouds, checking radar while traveling
NWS Risks
Dark clouds, blue/green colors
Dark Clouds
Ice
Dark ominous clouds and radar
Always looking at the sky
Stormy, ominous skies
Cumulonimbus; shelf clouds; lightning; strong winds; hail, flooding; heavy rain
Other cars on side of the road
Changes in visibility, reduced traction.
Cloud formations, weather changes
Dark clouds and heavy rains
Cloud lowerings
I look for changes in temperature and the beginnings of a store of storm.
Traffic
N/A-Don't Drive
If it’s a severe weather situation, I look for severe thunderstorm and tornado warnings
Unusual sky colors or dark skies on the horizon
None

118

